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Atmospheric muon and electron neutrino energy
spectra from IceCube
The IceCube Collaboration1,
1 http://icecube.wisc.edu/collaboration/authors/icrc15_icecube
E-mail: takao@hepburn.s.chiba-u.ac.jp
A framework for a unified analysis of high-energy atmospheric neutrinos with the full IceCube is
presented in which both muon and electron flavors are included in a single analysis. Combining
the IceCube measurements at high energy with measurements from smaller detectors at lower
energy will, in the future, determine the atmospheric neutrino flux from <100 MeV to >100 TeV.
Precise knowledge of the spectrum will lead to reduced uncertainty for any kind of signal analysis.
Corresponding author: T. Kuwabara1∗,
1 Department of Physics, Faculty of Science, Chiba University, Yayoi-cho 1-33, Inage-ku, Chiba
263-8522, Japan
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1. Introduction
Atmospheric neutrinos produced through interactions of cosmic rays with nuclei in the Earth’s
atmosphere constitute an important background in the search for astrophysical neutrinos. They also
probe properties of the primary spectrum and of hadronic interactions, such as the kaon to pion
ratio. Muon and electron neutrinos from decay of pions and kaons are referred to as “conventional”
atmospheric neutrinos. Most conventional atmospheric neutrinos are muon neutrinos from two-
body decays of pions and kaons. Conventional atmospheric electron neutrinos are primarily from
subsequent muon decay at low energies (< 1 TeV), while three-body decays of charged and neutral
kaons give the main contribution to electron neutrinos at higher energy above 1 TeV. The spectrum
of conventional neutrinos becomes asymptotically one power of energy steeper than the primary
spectrum at high energy. Prompt neutrinos from the decay of mesons containing charmed quarks
are a distinct component of the atmospheric neutrino flux. Because of the short lifetime of charmed
hadrons, prompt neutrinos have a spectrum similar to the primary cosmic-ray spectrum. Fluxes of
prompt electron neutrinos and prompt muon neutrinos are nearly identical to each other, and they
become the dominant source at sufficiently high energy, ≥100 TeV for electron neutrino, and ≥1
PeV for muon neutrino.
The IceCube neutrino observatory, located at the South Pole, detects Cherenkov photons pro-
duced by charged particles propagating through the Antarctic ice [1]. When neutrinos interact in the
ice, they produce two types of Cherenkov signatures, ’Tracks’ and ’Cascades’. ’Track’-like events
are produced by muons from the charged current (CC) interaction of muon neutrinos. ’Cascade’-
like events are produced by electromagnetic and hadronic showers from the CC interactions of
electron neutrinos, or hadronic showers from neutral current (NC) interactions from any kind of
neutrino flavors.
IceCube has measured the spectrum of atmospheric muon neutrinos [2] and electron neutrinos
[3] in separate analyses. Some uncertainty remains, especially in the electron neutrino flux, be-
cause the cascade sample is small, and it contains multiple components. In this paper we describe
a unified approach to measure the muon and electron spectrum in a single analysis by combining
the track and cascade samples. Due to the large amount of events and purity of flavor, it is possible
to determine the muon neutrino flux with high precision from the track sample. In this way, un-
certainties in parameters common to both flavors (primary spectrum, kaon/pion ratio, etc.) can be
reduced in the cascade analysis. In this paper, the event selection criteria for both track and cascade
samples are introduced. The feasibility of the unified analysis has been tested by applying the event
selection to simulated data. The statistical sensitivity from one year of IC86 full data sample and
additional systematic effects are estimated and discussed.
2. Event Selection
Track and cascade type samples for this analysis are selected from the first year of IceCube 86
full string data, which was obtained between May 2011 and May 2012. Event selection criteria for
both samples are established by using simulation and 10% sample of the data. The remaining 90%
of data is blinded to avoid experimenter’s bias at this stage.
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Figure 1: Event distribution of track sample from a simulation of the conventional muon neutrino
flux, for reconstructed muon energy (left) and reconstructed zenith angle (right).
Figure 2: Event distribution of cascade sample for reconstructed energy (left) reconstructed zenith
angle (center), and particle identification (right). Simulation of conventional muon neutrinos (blue),
electron neutrinos (red), the sum of muon and electron prompt neutrinos (magenta), astrophysical
neutrinos (cyan), cosmic ray muon background (green), and total flux (black) are shown.
IceCube has a ∼2.2kHz typical trigger rate of events with more than eight sensors recorded
in a 5µsec time window, and each triggering sensor is required to have local coincidence with a
nearby sensor within ±1µsec. Most of the triggers are from cosmic ray muons produced in air
showers, and are the background for this analysis. To eliminate this background, simulation data
sets are generated for both signal and background, then different cuts are applied to select the two
types of signals. Signals of muon and electron neutrinos are simulated with our own module which
is based on the ANIS package [4]. The background of atmospheric muons is simulated with COR-
SIKA [5].
Track Sample: Muons from CC interactions of muon neutrinos are detected as track events in
IceCube. However at trigger level most of the track events are from background cosmic ray muons,
and are detected as down-going tracks. After the track reconstruction, down-going events are re-
jected, yet many background events remain due to a misreconstruction of the zenith angle. Further
quality cuts are applied to select a pure sample of neutrino induced muons [6]. From first year of
IceCube 86, 5526 remained after all cuts are applied to a 10% sample of the data. The remaining
background contamination is at the 1% level.
Cascade Sample: Cascade type events are created by electromagnetic and hadronic showers. Since
it is not possible at present to distinguish between hadron and electromagnetic showers, the cascade
sample includes muon neutrino events from NC interaction, and electron neutrino events from both
CC and NC interaction. Charged current interactions of muon neutrinos that start inside the detector
7
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can sometimes be classified as cascades if most of the energy goes into the initial hadronic cascade
vertex. This analysis uses cascade samples which had been selected for the electron neutrino mea-
surement [3], in which the selection has been optimized by a Boosted Decision Tree (BDT). In
total 86 events remained with 10% sample of the data. The breakdown of the cascade signal is 69%
events from conventional muon neutrino flux (60% CC, 40% NC), 17% from conventional electron
neutrino flux (92% CC, 8% NC), 11% from cosmic ray muon background, and the remaining 3%
from prompt and astrophysical neutrinos.
Event Distribution: Figure 1 and 2 are simulated event distributions of track and cascade events
corresponding to the first year of the IceCube 86 string. The colored curves are baseline distribu-
tions of expected neutrino flux, simulated separately for each component using the same primary
spectrum with separate spectrum models of conventional, prompt and astrophysical neutrinos, as
explained in the next section. Distributions are binned into reconstructed muon/cascade energy and
zenith angle, for this analysis. We see in the cascade sample that each component has a different
characteristic distribution, and these can be distinguished in the fit. The cascade sample analysis
also uses additionally the particle identification (PID) number, ranging from -1 (track like events)
to +1 (cascade like events), determined from the BDT score, to distinguish CC muon neutrino event
from cascades. Additionally, the expected primary neutrino energy distributions of conventional
muon neutrinos in the track sample, and conventional muon and electron neutrinos in the cascade
sample are shown in Figure 3.
3. Analysis Method
The conventional atmospheric neutrino spectrum is determined with a maximum log-likelihood
fitting method. A baseline model of conventional muon and neutrino spectrum is defined, then
physics parameters are implemented to modify the baseline model during fitting procedure.
3.1 Model Spectrum
For the conventional atmospheric neutrino spectrum, the Honda2006+GaisseH3a Knee model
is chosen. The low energy flux from Honda et al.[7] valid to 10 TeV is extrapolated to higher
energy. Then the cosmic ray knee effect [8] is implemented by folding the neutrino yield per
primary cosmic ray with the assumed primary spectrum and composition. Other components of
the neutrino flux, prompt and astrophysical neutrinos, are included as the background of cascade
sample. For the prompt flux, the Enberg model [9] is assumed with the cosmic-ray knee effect.
For astrophysical neutrino flux, 10−8 ·E−2[GeV−1 cm−2 s−1 str−1] per flavor spectrum is assumed,
which is consistent with the recent IceCube result 0.95×10−8 ·E−2[GeV−1 cm−2 s−1 str−1] [10].
Figure 4 is the summary of the baseline spectrum.
3.2 Fit Parameters
The following physics parameters are allowed to vary and modify the baseline model assump-
tions of this analysis
Normalization, Cνµ , Cνe : Normalization parameters Cνµ and Cνe scale up/down conventional at-
mospheric neutrino spectrum, implemented for muon neutrino and electron neutrino. In addition,
another normalization parameter, CCR, is implemented for the cosmic-ray muon background in the
8
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Figure 3: Primary neutrino energy distribution
of muon neutrino in track sample (black), muon
neutrino in cascade sample (blue), electron neu-
trino in cascade sample (red) from simulation
after event selection.
Figure 4: Honda2006+GaisseH3a Knee model
of conventional muon neutrino (blue) and elec-
tron neutrino (red), prompt neutrinos from En-
berg (magenta) and BERSS (light green), astro-
physical neutrino (black dashed).
cascade sample.
Spectrum Index, ∆γ: This parameter shifts the spectral index of the conventional atmospheric
neutrinos. The same value is used for muon neutrino and electron neutrinos to reflect the common
uncertainty in the primary cosmic-ray spectrum.
Kaon to Pion ratio, RK/pi : The kaon/pion ratio in extensive air showers affects the shape of the
atmospheric neutrino spectrum. To implement this parameter, we use the following analytic ap-
proximation [11] for the sum of muon neutrinos and anti-neutrinos,
φνµ (Eν) = φpi→νµ +φK→νµ
= φN(Eν)×
{
ZNpiApiν
1+Bpiν cosθ ∗Eν/εpi
+
ZNKAKν
1+BKν cosθ ∗Eν/εK
}
(3.1)
where the Api,Kν and Bpi,Kν are decay kinematic factors, described as combination of branching
ratio, mass ratio and attenuation length of pion and kaon. cosθ ∗ is the zenith angle where the
neutrinos are produced, the critical energies are εpi = 115 GeV and εK = 850 GeV. Z-factors (ZNpi
and ZNK) are spectral-weighted moments of the inclusive cross section for a nucleon to produce
secondary pions and kaons. At low energy the flux of conventional νe+ ν¯e is mostly dominated by
the decay of muons from pions, however at high energy (Eνe > 100 GeV) it is dominated by kaon
contributions which is expressed as sum of the contributions from charged K, K-long and K-short
[13],
φνe(Eν) = φK→νe +φKL→νe +φKs→νe
= φN(Eν)×
{
ZNKAKe3ν
1+BKe3ν cosθ ∗Eν/εK
+
ZNKLAKLe3ν
1+BKe3ν cosθ ∗Eν/εKL
+
ZNKsAKse3ν
1+BKe3ν cosθ ∗Eν/εKs
}
(3.2)
where the parameters contain the branching ratios, attenuation lengths and Z-factors of Ke3 decay.
Critical energies of neutral kaons are εKL = 210 GeV and εKs = 120,000 GeV.
9
Atmospheric muon and electron neutrino energy spectra T. Kuwabara1
In the analysis, contributions of charged pion and charged kaon are modified by changing the
ratio of Z-factors, RK/pi = ZNK/ZNpi . The nominal value of K/pi ratio is taken to be RK/pi =
ZNK
ZNpi
=
0.0118
0.079 = 0.149±0.060 which is based on laboratory measurements below 100 GeV center of mass
energy[11]. The 40% uncertainty corresponds to that in the current cosmic ray interaction models
[12]. In the fitting procedure, RK/pi is floated with a constraint to keep the sum ZNpi +ZNK constant
at its nominal value 0.0908. Change of expected neutrino flux from K/pi ratio is introduced as a
weighting factor as WK/pi =
Φν (RK/pi )
Φ0ν (RK/pi=1)
DOM Efficiency: In addition to the physics parameters, detector related systematic uncertainties
are taken as a nuisance parameter. Currently one of the important detector systematics, optical
efficiency of a Digital Optical Module (DOM) is implemented. Five different simulation data sets
with different DOM efficiencies, ranging from -10% to +10%, are calculated. Final event rates in
each bin are parameterized with these efficiencies. Another possible systematic uncertainty, optical
properties of the surrounding ice, has not been taken into account, which will be included.
Fitted Model: With the physics parametersCνµ,e ,∆γ,RK/pi , the predicted neutrino flux is described
as Φνµ,e =Cνµ,e
( Eν
Emedν
)∆γWK/pi(RK/pi)Φh3aνµ,e where Emedν is the median energy of the analyzed event
sample.
4. Loglikelihood Fitting
The likelihoodL is calculated as the sum of the likelihood of the track sample and the cascade
sample, with nuisance parameters constrained by an additional Gaussian term. Then the best fit
parameters are obtained by minimizing the negative loglikelihood as
−2lnL = 2∑
i
∑
j
[
µ tracki, j −ntracki, j lnµ tracki, j + lnntracki, j !
]
+2∑
i
∑
j
∑
k
[
µcascadei, j,k −ncascadei, j,k lnµcascadei, j,k + lnncascadei, j,k !
]
+
(DOMe f f −DOM0e f f )2
σ2DOMe f f
(4.1)
where ni, j(k) is the number of measured events, µi, j(k) is predicted events, at energy (i), zenith angle
( j), and PID (k) bin. The first and second terms are respectively the loglikelihood of the track
sample and the cascade sample. Predicted events are from conventional muon neutrino for the
track sample, while all relevant components contribute to the cascade sample. In the last term from
the nuisance parameter, DOM0e f f is a central value, while σ
2
DOMe f f is the prior uncertainty ±10%.
5. Statistical Sensitivity
Statistical sensitivity to each fitted parameter is checked by analyzing artificial test data. Test
data is generated from a simulation data set which corresponds to 100% full sample statistics of
IC86 one year. Poisson random fluctuations are added to the test data in each bin. Then, maximum
loglikelihood fitting is applied. In total, 1000 test data sets are generated. Then the distributions of
determined fit parameters are evaluated. Figure 5 shows the histograms of fitted parameters from
10
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(a) Cνµ (b) Cνe (c) CCR
(d) ∆γ (e) RK/pi (f) DOM Efficiency
Figure 5: Histogram of fitted parameters from 1000 trial of test data analysis from track + cascade
sample (black), track sample only (blue), and cascade sample only (red).
1000 sets of trial test data. The black histograms are from the track + cascade combined analysis,
while blue is from track sample only analysis, red is from cascade sample only analysis. Parameters
Cνe and Ccr do not apply in the track sample only analysis. One sigma statistical uncertainties of
each parameter are listed in the Table 1, for each case of track + cascade combined analysis, track
only, and cascade only analysis. Since the track sample has many more events than the cascade
sample, most of the parameters determined by the combined analysis are fixed by the track sample
(e.g. Cνµ , ∆γ and RK/pi). Since parameters are correlated each other, this reduces uncertainties of
other parameters, that have previously been determined for the cascade only fit (e.g. Cνe).
6. Systematic Effect
Simultaneously, systematic uncertainties are checked by using simulated test data. Since in
this analysis, fluxes of prompt and astrophysical neutrinos are fixed at baseline, we examine how
different assumptions for those fluxes could change the results. Recently a new prompt flux called
BERSS model [14] has been published, which has a lower flux than the Enberg flux previously
used. A test analysis is applied by replacing the fitted model flux with BERSS, while test data
is kept produced at Enberg flux. We got +6% higher Cνe , however no significant changes are
confirmed in other parameters. The effect from astrophysical flux is also examined in the same
way. The value in [10] has ∼ ±30% uncertainty, so in extreme case twice of flux is assumed in
fitted model flux. Then we got 3% lower Cνe , however no significant changes are seen in other
parameters. Additional systematic uncertainties will be evaluated. The neutrino to antineutrino
ratio is an uncertainty [12] and also an interest of this analysis, since it also affects the shape of
atmospheric neutrino spectrum.
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Table 1: Statistic and Systematic error of best fit. One sigma statistical uncertainties expected from
test data analysis (Fig. 5) as well as systematic uncertainties are listed.
Fit Parameter Cνµ Cνe CCR ∆γ RK/pi
statistical
Combined ±3% ±19% ±20% ±0.01 ±6%
Track ±4% - - ±0.01 ±6%
Cascade ±35% ±33% ±23% ±0.05 ±40%
systematic
BERSS prompt model - +6% - - -
2 × astrophysical - −3% - - -
7. Summary
Conventional atmospheric muon and electron neutrinos will be measured from a combined
data sample of track and cascade type events detected by IceCube. An event selection and analysis
method has been established. Statistical sensitivity from first year of IceCube 86 string data is
performed by test data produced by simulation, which is ±3% for conventional muon neutrino
normalization, ±19% for conventional electron neutrino normalization, and ±0.01 for spectrum
index. Statistical uncertainty in electron neutrino normalization will be reduced 43% by combining
the track sample and the cascade sample. The statistical sensitivity of the kaon to pion ratio is±6%,
sensitive enough to compare with other experimental results [15]. Systematic effects are confirmed
in electron neutrino flux, which have prompt and astrophysical neutrino flux model dependencies.
Further investigation of model dependent effects will be done by assuming different neutrino fluxes.
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1. Introduction
Astrophysical neutrinos are expected to be produced by interactions of ultra-high-energy cosmic-
rays (UHECRs) with the surrounding photons and/or matter. These neutrinos, which are unde-
flected in the Galactic and extra-galactic magnetic field and unattenuated in the photon filled Uni-
verse, play an important role as information carriers of hard to identify cosmic accelerators. More-
over, cosmogenic neutrinos [1], also known as GZK neutrinos, that are induced by the highest
energy cosmic-ray interactions with background photons in the Universe [2] are expected in the
energy region above ∼10 PeV. These cosmogenic neutrinos are one of the most promising mes-
sengers from the high-energy, distant universe beyond PeV energies. They may provide us with
direct evidence of the highest energy cosmic-ray sources. However, since the expected flux level
of GZK neutrinos is so low, it requires a very large scale neutrino detector. IceCube is a cubic
kilometer scale deep underground Cerenkov neutrino detector at the South Pole. The IceCube de-
tector construction was completed in December 2010. The IceCube array comprises 5160 optical
sensors on 86 cables, called strings, over a 1 km3 instrumented volume of ice at a depth of 1450 m
to 2450 m. Additional optical sensors frozen into tanks located at the surface near the top of each
hole constitute an air shower array called IceTop. In 2008-2009, 2009-2010 and 2010-2011, 40,
59 or 79 out of 86 cables were deployed and taking data with an approximate fiducial volume of
0.5, 0.7 and 0.9 km3, respectively. Then in 2011-2014, IceCube accumulated data with the fully
completed array. The previous search for cosmogenic neutrinos was carried out with 2 years of
data, in which first year data was obtained with 79 strings and second year data was taken with
the full array. While two PeV events were discovered by the search [3], no cosmogenic neutrinos
were observed [4] and stringent limits were placed on cosmogenic neutrino model fluxes. It was
shown that astrophysical objects with populations following a strong cosmological evolution, such
as Fanaroff-Riley type II radio galaxies, are unlikely the highest energy cosmic-ray sources. In
this proceedings, we present the expected sensitivity of the analysis in search for neutrinos above
a PeV with the 6 years of IceCube data taken between April 2008 and May 2014 with an effective
livetime of 2050 days.
2. Cosmogenic neutrino events in IceCube
Cosmogenic neutrino fluxes are, to the first order approximation, characterized by broken
power-laws above a few PeV. A hard power-law spectrum with spectral index of ∼ −0.7 is ex-
pected in the energy region below 100 PeV as illustrated in Fig.1. This feature is robust against
different highest energy cosmic-ray source models, as this corresponds to the energy threshold of
photopion production of the highest energy cosmic-ray proton with the well measured cosmic mi-
crowave background photon field. Additionally, the neutrons created in the photopion interactions
decay into electron anti-neutrinos with energies around a few PeV. Some models predict an ad-
ditional contribution in the lower energy region around one PeV [5]. This contribution is highly
dependent on higher energy (infrared, optical, and ultraviolet) background photons, as well as the
transition energy between Galactic and extragalactic cosmic-rays. Above ∼1 EeV (=109 GeV),
the spectrum is expected to soften to ∼ E−2.0 until ∼100 EeV where the spectrum becomes even
steeper depending on the assumed maximal energies of cosmic-ray spectra at the production site.
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Figure 1: Expected cosmogenic neutrino spectrum and astrophysical neutrino spectrum measured by Ice-
Cube
As we see in the next sections, the effective detection area, or the exposure of the current
analysis, scales approximately linearly with energy below EeV. The cosmogenic neutrino events
observable by IceCube are expected to dominate in the energy range below a few EeV, above
which a much more soft spectrum is expected.
When UHECRs interact with the photon field, only νe and νµ are produced. Due to flavor
oscillation, it is expected to become approximately νe : νµ : ντ = 1:1:1 at Earth. IceCube is sensitive
to these three flavors of neutrinos. The largest contribution in the detection of high energy neutrino
induced events above a PeV is from the “through-going muon” channel in which muons are created
by νµ charged current (CC) interactions outside the IceCube fiducial volume and then propagate
through the detector emitting Cherenkov light from stochastic energy losses. Since average muons
propagate more than 10 km above∼1 PeV, this makes the sensitivity of IceCube extend to neutrino
interactions far outside the IceCube detector volume. Similarly the contribution from “through-
going tau” tracks from ντ CC interactions is important in the energy range where the GZK neutrinos
are expected, since the tau decay length becomes more than a few km for ≥ 108 GeV whereas it is
a few tens of meters for PeV τs. In addition, particle showers produced at the neutrino interaction
vertex position are observed as “cascade” events. Cascade events are induced by neutral current
(NC) interactions by all three flavors of neutrinos as well as νe CC interactions. While the cascade
channel is limited to the interactions occurring inside or near the IceCube detector, their energy
deposits in the detector are typically larger than that of muons or taus with equal energy. There
is also an interesting contribution from the Glashow resonance [6] at 6.3 PeV, which results when
an anti-electron neutrino interacts with an electron in the Earth. This interaction will result in an
electron, tau, or hadron induced particle shower, or a muon track.
At energies above ∼1 PeV, the Earth is not transparent to neutrinos as the neutrino-nucleon
cross section increases with energy. Thus, extremely high energy (EHE) neutrinos above the PeV-
scale, and their charged secondaries, are able to reach IceCube only from above and slightly below
the horizon. Furthermore, the topological features of neutrino induced events change with energy
even in each detection channel. For instance, neutrino induced muons exhibit more and more
stochastic in energy losses at high energies. In addition, neutrino induced tau events drastically
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change from spherical to track-like shapes with increasing energy and above a few PeV electron
induced particle showers become elongated due to the LPM effect [7].
3. Signal selections
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Figure 2: Event number distributions before Level-3 cut (upper panels) and Level-4 cut (lower panels) of
the sample corresponding to 2050 days of livetime. The signal distributions in the left panels are from [13]
adding all three flavors of neutrinos. The solid lines in each panel indicate the selection criteria in which only
the events above the lines are kept. Event distributions from different detector configurations are added. The
selection criteria are constant for the samples taken in different data taking periods. Atmospheric muons in
the total background shown in the right panels are simulated with pure iron primary cosmic rays. In the case
of pure proton primary, the background events are estimated to be a factor of 8 reduced. The upper middle
plot shows the prompt atmospheric neutrino distribution to be removed by the Level-3 cut for reference.
The primary background in this analysis is downward-going muon bundles made up of large
numbers of muons produced by high energy cosmic-ray interactions in the atmosphere. The sec-
ondary background is atmospheric neutrinos. Atmospheric neutrinos are induced by decays of
charged mesons produced in cosmic ray interactions with the atmosphere. In particular in the en-
ergy region under study, prompt atmospheric neutrinos from decays of short lived heavy mesons are
considered to dominate over conventional atmospheric neutrinos from pion and kaon decay. Unlike
conventional atmospheric neutrinos, which are dominated by νµ , prompt neutrinos are composed of
approximately equal fluxes of νµ and νe. While there must be non-zero prompt atmospheric neutri-
nos, no experimental observation of a prompt neutrino flux has been made, thus still relatively large
theoretical uncertainty remains. In the current study, the model from [8] is considered as the default
model. In this analysis, atmospheric muons were simulated with the CORSIKA air-shower simu-
lation package version 6.720 [9] with the SIBYLL 2.1 [10] hadronic interaction model assuming
pure proton and iron primary compositions in the energy region between 105 and 1011 GeV. EHE
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neutrino signal events with energy between 105 and 1011 GeV were simulated using the JULIeT
package [11].
In the current analysis, signal candidate events are extracted by applying four consecutive
background rejection criteria. A large amount of low energy atmospheric muon induced events,
typically less than a few TeV, are discriminated by requiring the total number of photo-electrons
(NPE) to be greater than 30,000 photo-electrons (p.e.) in the “Level-2” sample. This Level-2
data is subject to the “Level-3” cut which aims to remove atmospheric neutrinos, in particular
the prompt neutrinos with a large theoretical uncertainty and atmospheric muons whose direction
is not reliably reconstructed. The “Level-4” criterion is optimized to remove well reconstructed
atmospheric muons of downward-going directions. Then the final “Level-5” criteria assure that
there are no IceTop hits from cosmic-ray air-showers associated with the near final level events.
Figure 2 shows the event distributions as function of χ2/ndf value and the total number of
photo-electrons (NPE) as well as a function of cos θ and NPE. The Level-3 and Level-4 NPE
threshold as function of reduced χ2 and cosine of zenith angle are shown as solid lines in Fig. 2. In
the Level-4 cut, the NPE threshold for the vertically downward going region is set to a high value
(∼2×106) to reject energetic high multiplicity muon bundle events induced by ultra-high-energy
cosmic rays. The NPE threshold is gradually reduced towards the horizontal direction because the
number and energy of penetrating background atmospheric muons is significantly reduced for the
inclined events. An NPE threshold value of ∼4×104 is assigned for the events near and below
the horizon such that signal EHE cosmogenic neutrino induced events near the horizon can be
selected efficiently while rejecting the high energy muon events dominant in the downward-going
region and atmospheric neutrinos down to the level of 0.069 events per approximately 6 years of
livetime. The Level-4 background events include 0.017 events of atmospheric muons, 0.019 events
of conventional atmospheric neutrinos, and 0.033 events of prompt atmospheric neutrinos. To find
correlated IceTop hits in the final level cut, downward-going reconstructed event tracks in the ice
are extrapolated to the ice surface. Then the time tCA, when the extrapolated tracks are at the closest
approach to IceTop tanks, is calculated. The number of the correlated IceTop hits is defined by the
number of IceTop hits in the time interval of −1µsec ≤ tCA ≤ 1.5µsec. The final level selection
requires the number of the correlated IceTop hits of the event to be less than two. A similar, but
more detailed, analysis using the IceTop hits can be found in these proceedings [12].
4. Expected performance
The quasi-differential, model-independent sensitivity of the IceCube detector at 90% CL per
energy decade on neutrino fluxes above 1015 eV (1 PeV) is shown in Fig. 3 assuming full standard
neutrino flavor mixing. The corresponding sensitivity for a diffuse flux of cosmic neutrinos with
an E−2 spectrum in the central 90% energy range from 300 TeV to 2 EeV is calculated to be
E2φ ≤ 3×10−9 GeVcm−2 sec−1sr−1 with the 6 years of observation. The sensitivity improved by
a factor of 2.5 from the previous analysis with approximately two years of IceCube data [4]. Table 1
gives the event rates for several model fluxes for cosmogenic neutrinos assuming the highest energy
cosmic-rays above 5× 1019 eV are protons only. In the present study, at most ∼5 cosmogenic
neutrino events from the models which have not been excluded are expected. This reflects the fact
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Figure 3: All flavor neutrino flux differential sensitivities of the IceCube detector. Several model predictions
(assuming primary protons) are shown for comparison: Ahlers-max (the maximal fit), Ahlers-best (the best
fit, incorporating the Fermi-LAT bound) [13], and Kotera-SFR [5] Yoshida-(4,4) ((m, Zmax) = (4,4)) [14].
Model fluxes are summed over all neutrino flavors, assuming standard neutrino oscillations. The model
independent differential upper limits by other experiments are also shown for Auger (PAO) [15], RICE [16],
ANITA-II [17] Limits from other experiments are converted to the all flavor limit assuming standard neutrino
oscillation and a 90% quasi-differential limit per one energy decade when necessary. Errors not included.
that the number of expected signal events is increased by a factor of ∼ 2 from the previous study,
while a similar background event rate of 0.069 is expected in the total livetime.
The corresponding neutrino effective area averaged over 4pi solid angle is shown in the upper
plots in Fig. 4. The neutrino effective area represents the surface area of an equivalent detector
if it were 100% efficient, and it is proportional to the exposure. The lower panels in Fig. 4 show
the Level-4 signal event distributions of each neutrino flavor as a function of neutrino energy at
the Earth’s surface. It can be seen that the present analysis is sensitive to all three neutrino flavors
while the contribution of νe is larger near the threshold and decreases with energy.
5. Summary
The selection criteria for the 6 years of IceCube with different detector configurations and the
associated analysis sensitivity is presented. The improvement in sensitivity from the previous two-
year analysis is approximately a factor of 2.5. IceCube has proven to be the most powerful detector
for extraterrestrial neutrinos between several TeV and several PeV. The performance of IceCube
in the highest energy region is also expected to be sufficient for the first detection of cosmological
neutrinos if the highest energy cosmic-rays have a proton composition. The anticipation for this
first detection is thus eagerly awaited.
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Figure 4: Upper panels show 4pi solid angle averaged neutrino effective area for each neutrino flavor and
IceCube detector configuration. Each line represented by IC40, IC59, IC79 and IC86 corresponds to effective
area for 40, 59, 79 and 86 (full) arrays, respectively. The lower panels present the expected event distribution
as function of neutrino energy which passes the Level-4 criteria assuming Ahlers-Max (blue line) and Ahlers-
Best (red line) model from [13].
model parameters Event rates in 2050 days
Models m Zmax γ Emax IceCube 2008-2014
Ahlers-Max [13] 4.4 2 2.1 1021 eV 7.81±0.03
Ahlers-Best [13] 4.6 2 2.5 1021 eV 3.87±0.02
Yoshida-(4,4) [14] 4 4 2.0 1022 eV 5.08±0.02
Yoshida-(2,4) [14] 2 4 2.0 1022 eV 0.76±0.01
Kotera-GRB [5] GRB GRB 2.0 3×1020 eV 2.02±0.04
Kotera-SFR [5] SFR SFR 2.0 3×1020 eV 2.60±0.07
Table 1: Expected number of events detected by IceCube in 6 years from several cosmogenic neutrino
models assuming the cosmic-ray primaries to be protons. The spectral indices γ , cutoff energies Emax at
sources as well as cosmological evolution indices m and extensions in redshift Zmax for the cosmic-ray
sources are also listed for reference. The corresponding expected number of background events in one year
is 0.069±0.003. Errors are statistical only.
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With the discovery of a high-energy cosmic neutrino flux, the IceCube Neutrino Observatory, lo-
cated at the geographical South Pole, has opened the field of neutrino astronomy. While evidence
for extraterrestrial neutrinos has been found in multiple searches, it was not yet possible to iden-
tify their sources; they appear as an isotropic excess. Nevertheless, it is possible to constrain the
properties of the sources by measuring the energy spectrum and the flavor composition of the flux,
which has been done in several analyses. Typically, these analyses concentrate on specific event
classes, such as events with interaction vertices inside the instrumented volume or throughgoing,
νµ -induced tracks from the Northern hemisphere. Here, we present the latest results from a global
analysis, combining the event samples of multiple individual searches, thus covering all detection
channels. We derive the energy spectrum and flavor composition of the cosmic neutrino flux in
the TeV–PeV energy range. In addition, we show projected sensitivities to the cosmic neutrino
flux that can be obtained with further data in the future.
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1. Introduction
The discovery of a cosmic neutrino flux in the TeV–PeV energy range at the IceCube Neutrino
Observatory [1] has triggered a number of follow-up investigations [2, 3, 4, 5]. Each of these
studies was focused on a particular aspect of the flux. Recently, a combined analysis has obtained
the most accurate general characterization of the flux so far [6], based on three of the mentioned
studies [2, 3, 4] and on previous searches performed with data taken during the construction phase
of the IceCube detector [7, 8, 9]. Here, we present the latest results from this analysis, taking into
account new data [10, 11, 12]. In addition, we show projected constraints on the properties of the
cosmic neutrino flux that can be obtained with more data in the future.
2. Motivation & Expectations
Cosmic neutrinos are produced in interactions of high-energy cosmic rays with matter or ra-
diation [13]. It is expected that such interactions frequently occur within, or close to, the as yet
unknown acceleration sites of the cosmic rays [14]. Because neutrinos are neutral and weakly in-
teracting, they can travel unhindered to the Earth, carrying with them unique information about the
environments they originate from. Candidate sites for high-energy neutrino emission include active
galactic nuclei, gamma-ray bursts, and starburst galaxies, but also objects within our Galaxy, such
as supernova remnants or pulsar wind nebulae [15].
Ultimately, the aim of neutrino astronomy is to resolve, and thus identify, individual sources
of high-energy neutrinos. However, this was not yet possible for the observed cosmic neutrino flux;
the arrival directions of the neutrinos are consistent with an isotropic flux [2, 10]. Nevertheless,
it is possible to constrain the properties of the sources by measuring general characteristics of the
flux, such as its energy spectrum and its composition of neutrino flavors [16, 17].
The expected energy spectrum of the cosmic neutrino flux depends on the energy spectrum of
the primary cosmic rays as well as on the type of interactions and the environments of the source.
If the Fermi shock acceleration mechanism is responsible for the acceleration of the cosmic rays,
a power law energy spectrum with spectral index close to −2 is expected [18]. If, in addition,
the neutrinos are created in interactions of cosmic rays with ambient matter (i.e. pp-interactions),
the energy spectrum of the secondary neutrinos approximately follows that of the primary cosmic
rays. The energy spectrum of neutrinos created in interactions of cosmic rays with photons (i.e.
pγ-interactions) will depend on the target photon field [16]. A power law spectrum with index −2
has served as a popular benchmark scenario in the past.
The majority of cosmic neutrinos are expected to be created in the decay of charged pions
(pi → µ+νµ ) and the subsequent decay of the muons (µ → e+νe +νµ ). In this scenario, the ini-
tial composition of neutrino flavors is νe : νµ : ντ = 1 : 2 : 0. During propagation, the composition
is transformed due to neutrino oscillations, leading to an expected composition of approximately
1 : 1 : 1 at the Earth [17]. In environments with a large magnetic field, the flux of neutrinos from
muon decay is suppressed; in the limiting case the flavor composition becomes 0 : 1 : 0 (approx-
imately 1 : 1.8 : 1.8 at Earth) in this scenario [17]. In another scenario, the cosmic neutrinos
originate from the decay of neutrons rather than pions, resulting in a flavor composition of 1 : 0 : 0
(approximately 2.5 : 1 : 1 at Earth) [17].
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Deviations from these idealized scenarios for the energy spectrum and flavor composition
are likely to occur, in particular in environments with large matter or radiation densities, or large
magnetic fields, see e.g. [19, 20].
3. Detecting Neutrinos with IceCube
The IceCube Neutrino Observatory [21] is a neutrino telescope located at the geographical
South Pole in Antarctica. It consists of more than 5,000 optical sensors, installed on 86 vertical
strings, buried in a cubic-kilometer of glacial ice between depths of 1,450 m and 2,450 m. Neutrino
interactions are recorded by detecting the Cherenkov emission of secondary particles created in the
interactions. Based on the arrival time and the amount of light registered in the sensors, the energy
and incoming direction of the neutrino can be inferred.
The signatures that neutrinos leave in the IceCube detector can be classified in two categories.
On the one hand, tracks arise from charged-current νµ interactions. The muons created in such
interactions can travel for several kilometers, thus leaving an elongated, track-like signature. De-
pending on whether the interaction occurs inside or outside the instrumented volume of the detector,
we distinguish starting tracks and throughgoing tracks.
On the other hand, charged-current interactions of νe and ντ and neutral-current interactions of
all neutrinos lead to showers. The dimensions of the electromagnetic and hadronic particle showers
created in these interactions are much smaller than the sensor spacing, resulting in a spherical
signature. In the past, only contained showers were studied, i.e. those that start well inside the
detection volume. In another contribution to this conference [12], uncontained showers that start
near the edge of the detection volume are analyzed for the first time.
Charged-current interactions of ντ can be identified at very high energies, & 1 PeV. While no
ντ were identified yet, a new upper limit on the cosmic ντ flux is presented in [11]. The limit is
derived from a search for events that exhibit double pulse waveforms, i.e. a double-peak structure in
the time-resolved signal recorded by the sensors. Such a signature is expected for charged-current
ντ interactions, where the first pulse is due to the interaction of the neutrino and the second pulse
results from the decay of the tau.
4. Analysis
The analysis presented here is a continuation of the analysis presented in [6]. The method is
summarized in the following; the reader is referred to the reference for more details.
The event samples analyzed here are listed in Table 1. Where data taking periods overlap,
the event samples were separated with additional criteria, thus ensuring statistical independence
of all samples. Each sample provides simulated probability density functions (PDFs) as well as
experimental distributions for the observables listed in the third column of the table. PDFs are
available both for background components and for the expected cosmic neutrino flux.
Background contributions to the event samples are entirely of atmospheric origin, i.e. muons
and neutrinos created in air showers initiated by cosmic rays impinging on the Earth’s atmosphere.
The contribution of atmospheric muons is estimated by simulating air showers with the CORSIKA
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ID Signatures Observables Period References
T1 throughgoing tracks energy, zenith 2009–2010 [7]
T2 throughgoing tracks energy, zenith 2010–2012 [4]
S1 cont. showers energy 2008–2009 [8]
S2 cont. showers energy 2009–2010 [9]
H1∗ cont. showers, starting tracks energy, zenith 2010–2014 [1, 2, 10]
H2 cont. showers, starting tracks energy, zenith, signature 2010–2012 [3]
DP∗ double pulse waveform signature 2011–2014 [11]
US∗ uncont. showers energy 2010–2012 [12]
Table 1: Event selections used in this analysis. Listed are the selected signatures, observables used in
the analysis, and the data taking period. Event selections marked with an asterisk were newly added or
extended with respect to the analysis presented in [6]. Note that only the sample of uncontained showers
from reference [12], which represents a new signature previously not considered, is used here.
code [22]. Atmospheric neutrinos are divided in two categories: conventional atmospheric neutri-
nos originate from the decay of pions and kaons and prompt atmospheric neutrinos arise from the
decay of mesons containing a charm quark. Because pions and kaons are more likely to re-interact
than to decay at the energies relevant here, the energy spectrum of conventional atmospheric neu-
trinos is steeper than that of prompt atmospheric neutrinos, whose parent particles always decay.
We use the models from Honda et al. [23] and Enberg et al. [24] to obtain a prediction of the
contribution of conventional and prompt atmospheric neutrinos to the event samples, respectively.
Both models were slightly modified (see [7]) to conform with recent measurements of the primary
cosmic ray spectrum in the knee region, based on the composition model from [25] (known as H3a
model). Furthermore, the normalizations of both components are free parameters in the analysis,
denoted by φconv and φprompt, respectively.
We use two different spectral hypotheses to describe the cosmic neutrino flux:
Hypothesis A: Φν = φ ×
(
E
100TeV
)−γ
Hypothesis B: Φν = φ ×
(
E
100TeV
)−γ
× exp(−E/Ecut) .
(4.1)
The first hypothesis is a simple power law, where φ denotes the flux at 100 TeV and γ is the
spectral index. The second hypothesis allows for an exponential high-energy cut-off in addition,
where the cut-off energy is denoted by Ecut. To determine the energy spectrum, we assume that the
flux is composed of equal flavors at Earth. The flavor composition is then derived by varying the
normalizations of all three flavors independently, assuming that their energy spectrum is identical.
Systematic uncertainties, such as the spectral index of the primary cosmic ray spectrum, or the
global energy scale, are incorporated in the analysis procedure via several nuisance parameters.
The experimental data are compared to the simulated PDFs by means of a binned Poisson-
likelihood analysis. The best-fit parameter values of the models are determined by maximizing the
likelihood to obtain the observed distributions of observables in all samples (cf. Table 1) simulta-
neously.
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5. Results Param. Unit Hyp. A Hyp. B
φconv HKKMS 1.10+0.20−0.15 1.11
+0.20
−0.15
φprompt ERS 0.0+0.7−0.0 0.0
+0.8
−0.0
φ 10−18 GeV−1s−1sr−1cm−2 7.0+1.0−1.0 8.0
+1.3
−1.2
γ — 2.49+0.08−0.08 2.31
+0.14
−0.15
Ecut PeV — 2.7+7.7−1.4
−2∆ lnL +1.94 0
Table 2: Best-fit results for the energy spectrum. The quoted uncer-
tainties are at 1σ confidence level.
The results of the analy-
sis are summarized in Table
2. When no cut-off is present,
the best-fit spectral index is
2.49±0.08. If an exponential
cut-off is allowed, the best-
fit spectral index is 2.31+0.14−0.15,
and the best-fit cut-off energy
is
(
2.7+7.7−1.4
)
PeV. These measurements are valid in the energy range 27 TeV – 2 PeV (hypothesis A)
and 22 TeV – 5.3 PeV (hypothesis B). The hypothesis with a cut-off is slightly preferred, although
with a significance of only 1.2σ (p = 12%). Both models describe the data reasonably well. On
the other hand, an unbroken power law spectrum with spectral index γ = 2 can be excluded with a
significance of 4.6σ (p = 0.00018%).
The correlation between the spectral index γ and the cut-off energy Ecut is visualized in
fig. 1(a). Figure 1(b) shows the best-fit spectrum for both hypotheses together with a differen-
tial model that extracts the cosmic neutrino flux in separate energy intervals.
Results on the flavor composition are presented in table 3 and fig. 2. For both spectral hy-
potheses, the flux consists of νe and νµ in approximately equal parts at the best fit. However, com-
positions expected for pion-decay sources (1 : 2 : 0 at source) and muon-damped sources (0 : 1 : 0
at source) are still compatible with our data. On the other hand, a flux composed purely of electron
neutrinos at the source is excluded with a significance of 3.7σ (p = 0.012%).
The derived constraints are improved, but largely similar with respect to those of the previous
analysis [6]. While the hypothesis with an exponential cut-off is now marginally preferred, no firm
conclusion can be drawn at this point.
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Figure 1: Results on the energy spectrum. (a) Profile likelihood scan of parameters γ and Ecut. The best fit is
marked with ‘×’. The dashed line shows the conditional best-fit value of Ecut for each value of γ . (b) Energy
spectrum of the cosmic neutrino flux. Shown are the spectra allowed at 68% C.L. for hypothesis A (power
law) and hypothesis B (power law + cutoff). In addition, the strength of the cosmic neutrino flux in separate
energy intervals is shown (differential).
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Param. Unit Hyp. A Hyp. B
φe 10−18 GeV−1s−1sr−1cm−2 3.2+0.7−1.5 3.6
+0.8
−1.7
φµ 10−18 GeV−1s−1sr−1cm−2 3.3+0.7−0.6 3.7
+0.8
−0.7
φτ 10−18 GeV−1s−1sr−1cm−2 0.0+2.4−0.0 0.0
+2.6
−0.0
γ — 2.53+0.08−0.08 2.35
+0.14
−0.15
Ecut PeV — 2.7+7.5−1.4
−2∆ lnL +1.69 0
Table 3: Best-fit results for the flavor composition fit. The quoted
uncertainties are at 1σ confidence level.
The impact of the newly
added tau search event sam-
ple (DP, cf. table 1) is mainly
visible in the flavor composi-
tion fit, see fig. 2. In con-
trast, the new event sample
of uncontained showers (US)
and the extended event sam-
ple of analysis H1 mainly af-
fect the energy spectrum and
contribute to the slight preference of an expo-
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Figure 2: Results on the flavor composition, using hy-
pothesis B for the energy spectrum. Each point on the
triangle corresponds to a ratio νe : νµ : ντ as measured
at Earth. The best fit is marked with ‘×’. Composi-
tions expected for three different source scenarios are
indicated.
nential cut-off. The samples DP and US rep-
resent new event signatures that were pre-
viously not considered in the analysis. Al-
most all of the event selections can be ap-
plied to new data that are already recorded.
The resulting expected sensitivity to the en-
ergy spectrum and flavor composition is in-
vestigated in the following section.
6. Projected Sensitivities
In order to derive the future sensitivity
of the IceCube detector to the properties of
the cosmic neutrino flux, we use a prototype
analysis that is based on the event selections
of samples T2, H2, DP, and US (cf. Table
1). We weight the simulated cosmic neutrino
flux to the current best-fit energy spectrum of
hypothesis A or B (cf. previous section) and
scale the expected signal up to mimic the col-
lection of additional data. For the conventional and prompt atmospheric neutrino flux, we assume
a flux at the level of the predictions by Honda et al. [23] and Enberg et al. [24], respectively. The
sensitivity is then derived using the approach described in [26].
The projected sensitivity to the energy spectrum is illustrated in fig. 3(a), where we focus on
the sensitivity to the presence of an exponential high-energy cut-off to the spectrum. The two large
panels show expected limits on the energy of such an exponential cut-off, where the current best-fit
spectrum of hypothesis A and B is assumed to be the true spectrum in the top and bottom panel,
respectively. If no cut-off is present, the expected lower limit with 10 years of full detector data is
6.7 PeV at 2σ confidence, i.e. well above the current best-fit value of 2.7 PeV. On the other hand,
for a true cut-off energy at the current best fit, the non-existence of an exponential cut-off can be
rejected with a significance of ∼ 3σ with 10 years of data. Note that a single isotropic cosmic
neutrino flux is assumed in all cases.
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Finally, to illustrate our future sensitivity to the flavor composition of the cosmic neutrino
flux, we show the median expected constraints for 10 years of full detector data in fig. 3(b). Here,
we assume an energy spectrum matching the current best fit of hypothesis B and that the cosmic
neutrino flux consists of equal flavors. Although we included a search for ντ signatures in this
analysis for the first time, a degeneracy with respect to the νe/ντ fraction remains, resulting in
the elongated shape of the contours. However, the ability to distinguish between different source
scenarios is largely orthogonal to this degeneracy, and thus not affected.
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Figure 3: (a) Current (small panels) and projected (large panels) constraints on the energy of an exponential
cut-off to the spectrum. The two small panels show the best-fit result of hypothesis B. In the top (bottom)
right panel, the best-fit spectrum of hypothesis A (B) is assumed to be true. Dark and light blue points
indicate median 1σ and 2σ limits, respectively. (b) Projected sensitivity to the flavor composition, for 10
years of full detector data. The white ‘×’ marks the assumed true flavor composition of νe : νµ : ντ = 1 : 1 : 1.
7. Summary
We have presented a continuation of the combined likelihood analysis of the diffuse cosmic
neutrino flux presented in [6]. We find that the energy spectrum of the cosmic neutrino flux is
well described by an unbroken power law, with a best-fit spectral index of −2.49± 0.08. This
corresponds to a rejection of an unbroken power law with index −2 with 4.6σ significance (p =
0.00018%). While the analysis slightly favors a harder power law (E−2.31±0.15) with an exponential
cut-off at
(
2.7+7.7−1.4
)
PeV over an unbroken power law, the statistical significance of 1.2σ (p = 12%)
is too low to draw any conclusion. However, we have shown that the presence of a cut-off can likely
be determined with additional data in the foreseeable future. Other, more complex spectral shapes
are also possible, although currently not required to describe the data.
The flavor composition of the cosmic neutrino flux is compatible with standard scenarios for
the neutrino production at the sources. However, a neutron-decay dominated scenario, in which
only electron neutrinos are produced at the sources, can be ruled out with 3.7σ significance
(p = 0.012%). A projection of our sensitivity to the flavor composition has shown that while a
27
Combined Analysis of the High-Energy Cosmic Neutrino Flux at the IceCube Detector L. Mohrmann
degeneracy with respect to the νe/ντ fraction remains, a distinction between more source scenarios
might be possible.
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Figure 1: ντ double bang event topology
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Figure 2: Simulated double pulse waveform
from a ντ CC interaction.
1. Introduction
The IceCube Neutrino Observatory recently announced a significant detection of diffuse high
energy astrophysical neutrinos [1]. The flavor composition of the flux detected by IceCube is
consistent with equal fractions of all neutrino flavors [2]. Of particular interest is the identification
of tau neutrinos, which are only expected to be produced in negligible amounts in astrophysical
accelerators, but should appear in the flux detected by IceCube due to neutrino flavor change.
IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
between depths of 1450 m and 2450 m [3]. Detector construction started in 2005 and finished
in 2010. The reconstruction of neutrino properties relies on the optical detection of Cherenkov
radiation emitted by secondary particles produced in neutrino interactions in the surrounding ice
or the nearby bedrock. The basic IceCube sensor is the Digital Optical Module (DOM), which
contains a photomultiplier tube (PMT) and electronics which digitize the PMT waveform.
Events in IceCube generally have one of two overall topologies: “track” events from νµ
charged current (CC) interactions, as well as from muons produced in cosmic ray induced air
showers; and “cascade” events from νe CC interactions and neutral current (NC) interactions of
all flavors. At energies below about 1 PeV, ντ CC interactions will appear as a single cascade. At
energies above about 1 PeV, the tau lepton decay length becomes large enough that IceCube can
resolve the first ντ CC interaction cascade from the second tau lepton decay cascade. This double
cascade signature is called a double bang [4] and is shown in Figure 1. The first tau neutrino search
in IceCube used the partially constructed detector (22 strings) and searched for partially contained
double bangs [5]. This search was in fact more sensitive to νe and νµ than to ντ . Here we present
the result of a search for closely separated ντ double bangs in the complete IceCube detector using
individual DOM waveforms. This is the first ντ search in IceCube to be more sensitive to tau neu-
trinos than to other neutrino flavors. We also discuss a search for well-separated contained double
bangs in IceCube.
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2. Double Pulse Event Search
This search for ντ in IceCube looks for double bangs which are close enough together that
the two cascades are not well resolved, but appear as a double pulse in a single IceCube DOM
waveform. A simulated double pulse from a ντ CC interaction in IceCube is shown in Figure 2.
This search uses 914.1 days of data from the fully constructed IceCube detector between May 13,
2011 and May 6, 2014. The criteria for data selection are that all IceCube strings were collecting
data, and no in situ calibration light sources were in use. The waveforms used are from the Analog
Transient Waveform Digitizer (ATWD) which digitizes at 3.3 ns per sample for 128 samples [7].
Event selection criteria were developed using simulation and 10% of the data; the remaining 90%
of data were kept blind until analysis cuts were finalized.
Since resolved double pulses will only be produced in high energy ντ interactions, this analysis
selects events which pass the IceCube Extremely High Energy (EHE) filter, which requires that the
event deposit at least 1000 photoelectrons (PE) in the detector. Further event selection criteria are
denoted as Level 4 and higher.
At Level 4, an additional charge cut is applied, requiring events to deposit at least 2000 PE in
the detector. Individual DOM waveforms are then examined for double pulse characteristics. An
updated implementation of the double pulse algorithm (DPA) previously described in [6] is run
on each individual DOM which records a charge of at least 430 PE. This algorithm searches for a
rising edge in the waveform followed by a falling edge, which defines the first pulse, followed by
another rising edge which defines the second pulse. The falling edge of the second pulse is often
outside of the 422 ns ATWD window and is therefore not included in the algorithm. The DPA is
optimized to reject small pulses from late light due to scattering. An event is defined as a double
pulse event and passes Level 4 if at least one DOM in the event passes the DPA.
The Level 5 event selection is designed to reject track-like events which pass the DPA. Such
events result from muons which undergo large stochastic energy losses within a few meters of a
DOM. Each event is reconstructed using a maximum likelihood method based on the hypothesis of
an infinite track and the hypothesis of a point-like cascade. These reconstructions only make use
of the timing information for the earliest photon arriving at the DOMs. The log likelihood ratio
between the two hypotheses log(Lcascade/Ltrack) is required to be negative, indicating the event
topology is more cascade-like than track-like. Additionally, the first hit in the event is required to
be below the top 40 meters of the instrumented volume.
The final event selection at Level 6 requires events to pass a containment cut in order to elim-
inate muons interacting near the edge of the detector. An additional reconstruction algorithm is
performed on all events which pass the preceding cuts, using full charge and time information, and
the reconstructed vertex of the event is required to be within the detector boundary.
The expected number of events in 914 days at the final event selection level are shown in
Table 1 for both signal and background. Event rate predictions for astrophysical neutrinos assume
a flux of E2Φν = 1.0 x 10−8 GeV cm−2 s−1 sr−1 per flavor [8]. Backgrounds include muons and
neutrinos from cosmic ray induced air showers and astrophysical neutrinos of other flavors. The
atmospheric neutrino rate prediction takes into account both the pi/K decay neutrinos [11] and the
charmed meson decay neutrinos [12]. A knee-corrected cosmic ray spectrum is used in predicting
the pi/K production in the atmosphere [13]. We expect 0.54 signal events and 0.35 background
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Table 1: Predicted event rates from all sources at final cut level for the double pulse event search. Errors are
statistical only.
Data samples Events in 914.1 days (final cut)
Astrophysical ντ CC (5.4 ± 0.1) · 10−1
Astrophysical νµ CC (1.8 ± 0.1) · 10−1
Astrophysical νe (6.0 ± 1.7) · 10−2
Atmospheric ν (3.2 ± 1.4) · 10−2
Atmospheric muons (7.5 ± 5.8) · 10−2
events in 914 days. The largest background is from astrophysical νµ CC interactions, which can
produce a high energy muon that loses energy stochastically near a DOM and causes a double pulse
waveform.
After unblinding the remaining 90% of the data sample, no events are found in 914 days. The
integrated astrophysical ντ flux upper limit between 214 TeV and 72 PeV is found to be 5.1× 10−8
GeV cm−2 sr−1 s−1, which about 5 times higher than the per-flavor best fit to the IceCube astro-
physical flux. A ντ flux differential upper limit in the energy region of 214 TeV to 72 PeV is shown
in Figure 3. The differential upper limit was extracted following the procedure that was employed
in deriving quasi-differential upper limits from previous EHE cosmogenic neutrino searches in Ice-
Cube [14, 15, 10]. In this procedure, flux limits were computed for each energy decade with a slid-
ing energy window of 0.1 decade, assuming that the neutrino event spectrum evolves as 1/E [16].
Since zero events were found, the 90% C.L. event count limit in each energy decade is 2.4 based
on the Feldman-Cousins approach [17]. The energy threshold of this limit is 1000 times lower than
previous dedicated tau neutrino searches by cosmic ray air shower detectors [18].
3. Double Bang Event Search
Double bang events have a larger separation between the two cascades than double pulse
events, and thus occur at a higher primary neutrino energy. The event selection requires events
to pass the EHE filter, denoted Level 3. Figure 4 shows the effective areas after the EHE filter
cut for ντ obtained by selecting contained double bang events with different minimum separations
between the two cascades. It can be seen that the energy threshold for the identification of ντ via
this signature increases with distance between the two cascades. At Level 4, an additional charge
cut is applied, requiring at least 3100 PE total charge deposited in the event. At Level 5, a Boosted
Decision Tree (BDT) is used for further background rejection. This BDT is trained using simulated
ντ CC events (with a minimum separation of 50 m and with the two cascades contained within the
detector volume) as signal, and simulated cosmic ray muons as background. Six variables are used
in the BDT:
• Total charge
• Duration of the event in the detector
• Average height of the first 5 hit DOMs
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Figure 3: Neutrino flux upper limits and models as a function of the primary neutrino energy. The thick
red curve is the ντ differential upper limit derived from this analysis. The black crosses depict the all flavor
astrophysical neutrino flux observed by IceCube [1]. The thick dashed line is the differential upper limit
derived from a search for extremely high energy events which has found the first two PeV cascade events in
IceCube [9, 10]. The thick dotted line is the Auger differential upper limit from ντ induced air showers [18].
The thin dash line (orange) is the Waxman-Bahcall upper bound which uses the UHECR flux to set a bound
on astrophysical neutrino production [19]. The dash-dotted line (magenta) is prompt neutrino flux predicted
from GRBs; prompt in this context means in time with the gamma rays [20]. The dash-dot-dot line (grey)
is neutrino flux predicted from the cores of active galaxies [21]. The thin dotted line (red) is neutrino flux
predicted from starburst galaxies, which are rich in supernovae [22].
• Number of peaks in the distribution of collected charge as a function of time
• Maximum fraction of the total charge collected in a 100 ns timebin
• A variable based on the movement of the center of gravity of the event during the develop-
ment of the event in the detector
For every event a BDT score is calculated based on these variables ranging from -1 (background-
like) to +1 (signal-like) and only events with a sufficiently high score are retained.
At Level 6, a detailed reconstruction of the events is performed assuming a double cascade
topology. Several criteria are applied to remove events which are badly reconstructed as double
bangs: the maximized likelihoods cannot be too small, causality is required between the two cas-
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Figure 4: Effective areas after the EHE filter cut for ντ obtained by selecting contained double bang events
with different minimum separations between the two cascades. No reconstruction errors are included.
Table 2: Preliminary remaining event rates for signal and different backgrounds at Level 6 of the double
bang search. The assumed fluxes of the signal and different background are the same as for the double dulse
event search. Errors are statistical only.
Data samples Events in 1 year
Double Bang (4.93 ± 0.04) · 10−1
Atmospheric muons (9.5 ± 1.8)
Astrophysical νe (8.2 ± 0.3) · 10−1
Astrophysical νµ (8.9 ± 0.2) · 10−1
Atmospheric νe (4.4 ± 0.2) · 10−2
Atmospheric νµ (9.3 ± 0.2) · 10−2
cades, both cascades need to be reconstructed in or near the detector and not too close together
(minimum 20 m apart) and the energy asymmetry ([E1−E2]/ [E1+E2], with E1 and E2 the en-
ergies of the first and second cascade) has to be between -0.999 and 0.9. The median resolution
(depending on the energy) of the reconstructed parameters of the remaining signal events at the end
of this reconstruction chain is about 3-6% for the distance between the two cascades, 1-4◦ for the
direction and 10-20% for the energy of each cascade.
The remaining event rates of the signal and different backgrounds are shown in Figure 5 and
Table 2. The atmospheric neutrino background has been reduced to about an order of magnitude
below the signal rate. The astrophysical fluxes of νe and νµ are of the same order and slightly
higher than the signal but the biggest remaining background is still the atmospheric muons. Work
is underway to further reduce these backgrounds.
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Figure 5: Preliminary remaining event rates for signal and different background at every cut level. The
assumed fluxes of the signal and different background are the same as for the Double Pulse event search.
4. Conclusions
The double pulse search for ντ in IceCube is more sensitive to tau neutrinos in the O(100) TeV
to O(10) PeV energy range than to any other flavor. Given the astrophysical neutrino flux observed
by IceCube, fewer than one double pulse tau neutrino event is expected in three years of IceCube
data, and none are observed. Searches for well separated double bangs are in progress. Future
extensions of IceCube such as the proposed IceCube-Gen2 detector [23] will have a factor of 5 to
10 times more sensitivity to astrophysical tau neutrinos than the current IceCube detector.
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1. Introduction
More than a hundred years after their discovery, the origin of high-energy cosmic rays is
still unknown. The dominant fraction of cosmic rays are protons or heavier nuclei. High-energy
neutrinos may provide unique information about the nature of sources and acceleration mechanisms
of cosmic rays. High-energy neutrinos may be produced in hadronic interactions of cosmic-rays
with surrounding matter at the acceleration sites. These neutrinos would reach Earth unaffected
by magnetic fields and interactions with the interstellar medium and thus reveal the location of
sources. Generic models of the neutrino spectrum [1, 2, 3], based on the acceleration of cosmic
rays in strong shock waves predict a power law spectrum with a spectral index γ ≈ 2.
The IceCube Neutrino Observatory is located at the South Pole. The detector instruments a
volume of one cubic-kilometer of antarctic ice in a depth between 1450 m and 2450 m with optical
sensors [4]. These photosensors measure Cherenkov light caused by charged particles originating
from neutrinos interacting in the detector’s vicinity. Neutrino events measured with IceCube can
be broadly classified in two basic signatures: tracks and cascades. Long-lived muons from muon-
neutrino interactions produce elongated track-like light patterns. Cascade-like spherical patterns
are produced by neutral-current (NC) interactions of neutrinos of all flavors, and electrons produced
in charged-current (CC) interactions of electron neutrinos1.
The discovery of astrophysical neutrinos was based on a sample of neutrino events with inter-
action vertices well-contained within the instrumented volume [6]. Although these events provide
a clear signature for an astrophysical neutrino flux, event statistics and directional pointing are only
moderate because the effective volume is reduced by requiring containment and the fact that the
sample is dominated by cascade-like events. In this analysis a complementary approach is used
selecting high-energy muons induced by muon neutrino interactions that can occur outside the
instrumented volume. However, this implies using the Earth as shielding to reject the dominant
background of atmospheric muons and therefore constrain the field of view to the Northern Hemi-
sphere. Evidence for a flux of astrophysical muon neutrinos has already been shown by previous
IceCube analyses. The first hint at the level of 1.8σ was found with one year of IceCube data taken
with the partial detector in the 59-string configuration [7]. A second analysis using two years of
data from IceCube in its 79- and 86-string configuration excludes the only atmospheric origin of the
observed flux with a probability of 3.7σ [8]. We present a combined re-analysis of the two datasets
here that is based on a significantly larger sample of neutrino-induced tracks than the earlier analy-
ses. The larger data sample statistics are dominated by conventional atmospheric neutrinos which
improve the constrains on the atmospheric flux model uncertainties. With the combination of these
datasets a unified approach for a measurement of the astrophysical muon neutrino flux has been
prepared. In the next step the same approach will be used to analyze a total of six years of IceCube
data recorded between 2009 and 2015.
The main background for such a measurement are atmospheric neutrinos produced in cosmic-
ray interactions with the Earth’s atmosphere. Conventional atmospheric neutrinos are produced in
the decay of pions and kaons. The expected energy spectrum is about one power in energy softer
than the primary cosmic ray spectrum due to the competition between decay and interaction of the
1CC tau neutrino interactions can produce either signature depending on the decay mode of the tau as well as a
“double bang”-signature [5].
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mesons. The conventional atmospheric neutrinos flux follows roughly a power law with a spectral
index of about−3.7. Additionally, the interplay between decay and interaction of the mesons leads
to a characteristic zenith angle distribution. The flux of conventional atmospheric neutrinos from
near the horizon is enhanced because the air shower development occurs higher in the atmosphere
and interactions become less likely.
In contrast to conventional ones, “prompt” atmospheric neutrinos are produced in the decay
of mesons containing heavy quarks. Though this flux has not been observed to date, several pre-
dictions exist [9, 10, 11]. Due to the short lifetime of these heavy mesons the prompt atmospheric
neutrino flux will follow the primary cosmic ray spectrum up to very high energies. The expected
spectral power law index is about −2.7 and the flux is almost isotropic.
A flux of astrophysical muon neutrinos can be identified by an excess of high-energy events
(& 100TeV) over the expectations from atmospheric neutrinos of more than about 100TeV. Since
high-energy neutrinos can be absorbed in the Earth an isotropic neutrino flux at the Earth’s sur-
face is shifted towards the horizon. Due to the harder energy spectrum the absorption effect is
stronger for an astrophysical flux than for the prompt and conventional atmospheric neutrino flux.
Hence, the distribution of arrival directions of neutrinos at the IceCube detector depends on the
energy spectrum of the flux. Therefore, the correlation between both quantities contains additional
information to distinguish between the different components.
2. Analysis
2.1 Search Strategy
A neutrino sample with a negligible contribution of atmospheric muons is required to measure
the flux of astrophysical muon neutrinos based on the distribution of the reconstructed muon energy
and zenith angle.
The IceCube detector is triggered by atmospheric muons produced in cosmic-ray air showers
at a rate of about 2.5 kHz. The signature of these events are downgoing tracks entering the detector
from the outside. In order to reject these events we require reconstructed zenith angles to be
larger than 85◦ which corresponds to more than 12 km of overburden. As a result the remaining
background are either mis-reconstructed events or muons produced in interactions of atmospheric
neutrinos. The reconstruction of muon arrival directions is done by fitting the hypothesis of a
relativistic particle emitting Cherenkov light to the detection times of observed photons which
takes into account the propagation effects of photons in the ice. A boosted decision tree trained on
parameters that estimate the quality of the directional reconstruction is used to identify and reject
mis-reconstructed events. Additionally, cascade-like events are rejected based on the topology of
the hit pattern that is different for track-like events. The resulting sample of about 70,000 muon
neutrino events per year has a very high purity with a contamination of atmospheric muons below
0.1%. For all events in the neutrino sample the muon energy at the detector is reconstructed using
the truncated mean energy loss reconstruction algorithm described in [12].
The expected zenith angle and muon energy distributions for the conventional, prompt and as-
trophysical components are computed from Monte Carlo simulations of neutrinos traversing Earth
and interacting in the vicinity of the IceCube detector. A generalized weighting scheme is used to
39
A measurement of the diffuse astrophysical muon neutrino flux Leif Rädel
transform a simulated flux of neutrinos to a physical flux. For the astrophysical muon neutrino flux
a generic power law model Φ(Eν) = Φ0(Eν/100TeV)−γ is used. Here, the parameters of interest
are the flux normalization Φ0 and the spectral index γ . The conventional atmospheric neutrino
prediction is based on the HKKMS07 calculation [13]. The uncertainty on the flux prediction in-
creases with energy to about 25 % at 1 TeV. It was primarily designed for energies up to 10 TeV
and has been extrapolated to higher energies according to [7] including the effect of the cosmic-ray
knee. As a prediction for the prompt atmospheric neutrino flux we use the ERS model [11] which
is based on pQCD calculations.2
2.2 Likelihood Method
In order to compare the experimental data with the expectations which are a function of signal
~θ and nuisance~ξ parameters (description below) a binned Poisson likelihood fit is used. Therefore,
the experimental and simulated data are binned in reconstructed muon energy and zenith angle.
Then, for each bin the measured number of events is compared to the expected number by a Poisson
likelihood 3
Lbin =
µn(~θ ,~ξ )
n!
× e−µ(~θ ,~ξ ), (2.1)
where n is the number of measured events in that bin and µ = µconv.+ µprompt + µastro. is the ex-
pected number of events as a function of the physics and nuisance parameters. In this analysis, the
physics parameters are the astrophysical normalization and spectral index. Additionally, nuisance
parameters are introduced to take into account systematic uncertainties which can be divided in
two categories: neutrino detection uncertainties and atmospheric flux uncertainties. The former
include the optical efficiency of the detector, the neutrino nucleon cross section, the muon energy
loss cross section and the optical properties of the antarctic ice. The latter include the flux normal-
izations, the spectral shape and composition of the cosmic-ray spectrum in the “knee” region, the
spectral index of the primary cosmic ray spectrum and the relative production yield of pions and
kaons in the atmosphere. The implementation of nuisance parameters in the likelihood function is
done similar to [7], with an important improvement for discrete 4 nuisance parameters. The effect
of former discrete parameters on per-bin expectations has been parameterized and it is possible to
choose realizations in between discrete points.
The global likelihood is then simply the product of all per-bin-likelihoods L = ∏binsLbin.
The significances and parameter uncertainties are derived using the profile likelihood and assuming
Wilks’ theorem [16]. The assumption that the test-statistic is χ2-distributed and Wilks’ theorem is
applicable was tested on pseudo experiments.
Since IceCube’s Monte Carlo simulations improve in quality from year to year, nuisance pa-
rameters do not only absorb the systematic effects they are based on but can also absorb differences
in the simulated datasets. Thus, for a combined likelihood fit of all years it is necessary to align
2An improved version of the flux prediction [14] will be used in the future which predicts approximately a flux that
is half the flux of the ERS calculation.
3An extended version of the Poisson likelihood which takes into account finite statistics of the Monte Carlo simula-
tions is used [15].
4A discrete nuisance parameter is a parameter where the fit can only choose between a predefined set of models,
e.g. cosmic-ray composition model A or B.
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Figure 1: 1d-projections of the fit observables weighted by the best-fit spectrum for each year (left: 59-
string, center: 79-string, right: 86-string). The reconstructed muon energy proxy is shown in the top row
and the reconstructed zenith angle distribution in the bottom row. Note that [7] used the reconstructed muon
energy loss as an observable which is correlated with the muon energy used in the later years. Only statistical
errors are shown.
all nuisance parameters to a common baseline ξi. This means, that for each year the nuisance pa-
rameters are fit individually to adjust them to a common baseline. Then, in the combined fit these
baseline values are scaled by a global parameter to give the combined fit the freedom to change the
nuisance parameters.
3. Results
The best-fit astrophysical flux is given by
Φ(Eν) =
(
0.66+0.40−0.30
) ·10−18 GeV−1 cm−2 sr−1 s−1(Eν/100TeV)−(1.91±0.20) (3.1)
in the energy range between 170TeV and 3.8PeV.5 The quoted errors include both statistical and
systematic uncertainties via the profile likelihood using the χ2-approximation. The projections in
reconstructed zenith angle and muon energy for each year are shown in Figure 1. The excess of
events above atmospheric backgrounds becomes visible at high energies (Fig. 1, top center). No
contribution from prompt atmospheric neutrinos is preferred for the best fit spectrum.
The significance for rejecting a flux of only atmospheric neutrinos is 4.3σ which is calculated
with the profile likelihood assuming Wilks’ theorem.
Figure 2 shows the two-dimensional profile likelihood for all combinations of astrophysical
normalization, spectral index and prompt normalization. The likelihood ratios of the first column
5The energy range has been estimated by the central neutrino energy range which contributes 90% to the total
squared significance. Note that this definition is different from [8, 17].
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Figure 2: Two dimensional profile likelihood scans of the physics parameters Φastro, γastro and the prompt
normalization Φprompt in units of the model in [11]. Additionally, contours at 68%, 90% and 95% CL
assuming Wilks’ theorem are shown.
Figure 3: Best-fit muon neutrino spectra for the unbroken power-law model. The line widths (blue, red)
represent the one sigma error on the measured spectrum where the green line represents the upper limit at
90% CL for the prompt model [11]. Note that systematic studies about the robustness of the prompt limit
are still ongoing. The horizontal width of the red band denotes the energy range of neutrino energies which
contribute 90% to the total squared significance.
in the left plot show that even a large prompt flux cannot explain the excess of high-energy neutrinos
measured in the three years. The physics parameters are mainly correlated with each other (Figure
2, right) and only a small correlation with the normalization of prompt neutrinos is visible (Figure
2, left and center). The large statistics of conventional atmospheric neutrinos at lower energies
strongly constrain the flux uncertainties in the region where the astrophysical component begins to
contribute. Therefore, the nuisance parameters for the atmospheric flux uncertainties are strongly
constrained and are only weakly correlated with the astrophysical flux parameters. The correlation
between astrophysical normalization and spectral index is expected due to the interplay between
both quantities. A larger normalization has a similar effect on the reconstructed muon energy
spectrum as a softer spectral index. The most likely neutrino energy of the highest energy event
assuming the overall best-fit neutrino flux is about 1.4PeV. Figure 3 shows the best-fit moun
neutrino spectrum. For prompt atmospheric neutrinos the 90%C.L. upper limit is shown. The
vertical width of the bands corresponds to the flux uncertainties at the 1σ -level. Note that the
results do not take into account the flux of muons originating from tau decays which themselves are
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Figure 4: One dimensional profile likelihood scans the astrophysical normalization (left) and spectral index
(right) using two different right ascension regions, one containing the Northern Hemisphere part of the
Galactic plane (red) and one not (black).
produced by tau neutrino interactions. However, this only affects the astrophysical normalization
by about 5−10% [7].
In order to test if the measured muon neutrino flux is dominated by a Galactic flux the full
sample (limited to the Northern Hemisphere) is split into two parts based on the reconstructed right
ascension of the events: the first part contains the region where the Galactic plane intersects the
Northern Hemisphere (0◦ ≤ α < 109◦ and 275◦ ≤ α < 360◦), the second part contains the region
where the Galactic plane lies in the Southern Hemisphere (109◦ ≤α < 275◦). Because the IceCube
detector is located at the South Pole, it rotates daily with the Earth and therefore the systematics
for both parts are identical. The likelihood fit has been applied to both parts, resulting in the one-
dimensional profile likelihoods shown in Figure 4. Comparing the likelihood profiles, the results
of both parts are statistically consistent. Hence, no statistically significant evidence for a Galactic
component is found.
Modifying the astrophysical model from a unbroken power law to a power law with an expo-
nential cut-off does not yield a significantly better fit result.
4. Conclusion
Re-analyzing the IceCube data measured between 2009 and 2012 with a significantly larger
event sample than in previous analyses [7, 8] yield an excess of events at energies above 100 TeV.
The atmospheric-only hypothesis can be rejected at 4.3σ 6. Compared to [8] the significance in-
crease is mainly due to the inclusion of the experimental data from [7]. The increased statistics
of conventional atmospheric neutrinos and therefore better constrained systematic uncertainties
additionally increase the significance. The measured astrophysical muon neutrino flux yields a
normalization of
(
0.66+0.40−0.30
) · 10−18 GeV−1 cm−2 s−1 sr−1 at 100TeV neutrino energy and a hard
spectral index of γ = 1.91±0.20. So far, no evidence for a cut-off at high energies is found. Ad-
ditionally, there is no significant evidence for a Galactic component in the measured astrophysical
muon neutrino flux.
6assuming Wilks’ theorem
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Comparing the measured spectral index to the measurement of other IceCube analyses [6, 8,
17] the index seems to be somewhat harder. However, due to the large uncertainties the results
presented in [6] and [8] are statistically compatible. Investigations about the origin of the moderate
tension with the spectral index measured in [17] are ongoing. It could be caused by a statistical
fluctuation as well as an underlying more complex spectral shape of the astrophysical neutrino
flux. Additionally, systematic studies are still ongoing. Extending this analysis by IceCube data
recorded between 2012 and 2015 may show which scenario is more likely.
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1. Introduction
Observation of high-energy neutrinos provides insight into the problem of the origin and ac-
celeration mechanism of high-energy cosmic rays. Cosmic ray protons and nuclei interacting with
gas and photons present in the environment of sources and in the interstellar space produce neutri-
nos through decay of charged pions and kaons. These neutrinos have energies proportional to the
cosmic rays that produced them and point back to their source since neutrinos are neither affected
by magnetic fields nor absorbed by matter opaque to radiation. Large-volume Cherenkov detectors
like IceCube [1] observe these neutrinos when they interact by measuring the light produced by
secondary leptons and hadronic showers.
Here we present an update to the IceCube high-energy search for events with interaction ver-
tices inside the detector fiducial volume. This search, previously performed on two [2] and three
[3] years of detector data, led to the discovery of an astrophysical neutrino flux above atmospheric
backgrounds [3]. This update extends the data-taking period by one more year to four years from
2010 to 2014 for a total livetime of 1347 days.
2. Event Selection
Neutrinos in IceCube are detected by observing the Cherenkov light in the glacial ice from
secondary particles created by the interaction of high-energy neutrinos. We observe two main
event classes: track-like events from charged-current interactions of muon neutrinos (and from a
minority of tau neutrino interactions) and shower-like events from all other interactions (neutral-
current interactions and charged-current interactions of electron and tau neutrinos). Note that tau
neutrino interactions at the highest energies (at the PeV-level) can lead to different event shapes
in rare cases, but these are not considered here. We determine the event direction and deposited
energy in the detector based on the time sequence and total recorded light. Energy is reconstructed
as electromagnetic-equivalent energy. Shower-like events have a typical directional resolution of
around 15◦, mostly dominated by the uncertainty in the modelling of the glacial ice, whereas track-
like events have resolutions of much better than 1◦.
In the analysis presented here, signal events are selected by requiring the neutrino interaction
vertex to be located inside the IceCube detector volume. We achieve this by means of a simple anti-
coincidence veto method [2], requiring that fewer than 3 of the first 250 detected photoelectrons
(p.e.) be on the outer detector boundary. In order to ensure a large enough number of photons are
detected, we also require at least 6000 p.e. in total charge for each event, corresponding to a soft
threshold of about 30TeV in deposited energy in the detector.
3. Atmospheric Backgrounds
Backgrounds to astrophysical neutrinos are entirely due to cosmic ray air showers. Muons
produced in these showers, mainly from pi and K decays enter the detector from above. Due to
the stochasticity of the muon energy loss, in very rare cases muons can pass through the outer veto
layer undetected and appear as starting events, especially close to the charge threshold of 6000 p.e.
We use a data-driven method to estimate this background by tagging such muons in one layer of
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the detector and then use a second layer, equivalent to our veto to estimate their passing probability.
From this, we estimate a total atmospheric muon background of 12.6±5.1 in four years of data.
The same cosmic ray air showers also produce neutrinos from pi and K decays. The spectrum
of these νµ -dominated atmospheric neutrinos is typically one power steeper than the original cos-
mic ray spectrum. This is due to the increasing lifetime of the parent mesons, making it more and
more likely for it to interact before decaying. At energies above around 100TeV, an analogous
flux of muons and neutrinos from charmed mesons is expected to dominate. The shorter lifetime
of these particles allows them to avoid interactions before their decay, leading to a harder spectral
slope of this component. Until now, this “prompt” component has not yet been observed, but limits
from data have been placed by previous IceCube analyses [4, 5]. For purposes of background esti-
mation, we use a limit set by an analysis of incoming muons from muon neutrinos in the 59-string
configuration of IceCube [4]. More recent and somewhat more stringent limits are available from
IceCube data [5], however we chose to continue to use the same limit as before because it was
chosen during the blind definition of this analysis update. The total expected background from
atmospheric neutrinos in four years of data including this limit is 9.0+8.0−2.2.
Note that some of the down-going atmospheric neutrino background will also be vetoed be-
cause of accompanying muons from the same air shower. This reduces the background from atmo-
spheric neutrinos in the Southern Sky. This analysis uses the updated description of this reduction
described in reference [5].
4. Diffuse Flux Fit
In the full 1347-day sample, we detect 54 events (Fig. 1); 17 of them are observed in the
fourth year (see table 1). One of the events observed in the third year (event #32) was produced
by a coincident pair of background muons from unrelated cosmic ray air showers and has been
excluded from the analysis. We note that none of the events in the fourth year have energies above
1PeV. We do, however, observe one very high-energy track (event #45) with an almost vertical
direction starting in the top part of the detector and depositing more than 400TeV in the detector
before leaving it at the bottom. If this event was a muon produced from a cosmic ray interacting in
the atmosphere, the air shower secondaries would likely have been observed by the surface IceTop
array (see [6] in these proceedings). Distributions of the events compared to background and
best-fit signal expectations as functions of deposited charge, deposited energy and declination can
be found in figures 2, 3 and 4, respectively.
In order to describe the data, we perform a likelihood fit of all components (atmospheric
muons, atmospheric neutrinos from pi/K decay, atmospheric neutrinos from charm decay and an
astrophysical flux assuming a 1:1:1 flavor ratio). As in [3], the fit is performed including all events
with 60TeV< Edep < 3PeV. The only change in fitting procedure from previous analyses is the ad-
dition of a prior distribution on the charm background component in line with the limit on this com-
ponent from the previous IceCube 59-string analysis on incoming muon neutrinos [4]. We fit an un-
broken power-law spectrum, both with a fixed index of E−2 and with a variable index E−γ . For the
fixed spectral index, we obtain a normalization of E2Φ(E) = 0.84±0.3×10−8GeVcm−2s−1sr−1,
compatible with previous results. Note, however, that this spectral assumption is not strongly fa-
vored by the data, especially with the addition of several new lower-energy events to the sample in
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-like events
are indicated with crosses whereas shower-like events are shown as filled circles. The error bars show 68%
confidence intervals including statistical and systematic errors. Deposited energy as shown here is always a
lower limit on the primary neutrino energy.
ID Edep (TeV) Time (MJD) Decl. (deg.) R.A. (deg.) Ang. Err. (deg.) Topology
38 200.5+16.4−16.4 56470.11038 13.98 93.34 . 1.2 Track
39 101.3+13.3−11.6 56480.66179 −17.90 106.17 14.2 Shower
40 157.3+15.9−16.7 56501.16410 −48.53 143.92 11.7 Shower
41 87.6+8.4−10.0 56603.11169 3.28 66.09 11.1 Shower
42 76.3+10.3−11.6 56613.25669 −25.28 42.54 20.7 Shower
43 46.5+5.9−4.5 56628.56885 −21.98 206.63 . 1.3 Track
44 84.6+7.4−7.9 56671.87788 0.04 336.71 . 1.2 Track
45 429.9+57.4−49.1 56679.20447 −86.25 218.96 . 1.2 Track
46 158.0+15.3−16.6 56688.07029 −22.35 150.47 7.6 Shower
47 74.3+8.3−7.2 56704.60011 67.38 209.36 . 1.2 Track
48 104.7+13.5−10.2 56705.94199 −33.15 213.05 8.1 Shower
49 59.9+8.3−7.9 56722.40836 −26.28 203.20 21.8 Shower
50 22.2+2.3−2.0 56737.20047 59.30 168.61 8.2 Shower
51 66.2+6.7−6.1 56759.21596 53.96 88.61 6.5 Shower
52 158.1+16.3−18.4 56763.54481 −53.96 252.84 7.8 Shower
53 27.6+2.6−2.2 56767.06630 −37.73 239.02 . 1.2 Track
54 54.5+5.1−6.3 56769.02960 5.98 170.51 11.6 Shower
Table 1: Properties of the events observed in the fourth year. A list of events #1-#37 can be found in [3].
The Edep column shows the electromagnetic-equivalent deposited energy of each event. “Ang. Err.” shows
the median angular error including systematic uncertainties.
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IceCube Preliminary
Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1σ uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E−2, whereas the solid line shows a spectrum with a best-fit spectral index.
IceCube Preliminary
Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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IceCube Preliminary
Figure 4: Arrival angles of events with Edep > 60TeV compared to predictions. Colors as in Fig. 2.
the fourth year of data (see gray dashed line in Fig. 3). The variable spectral index fit results in a
best-fit spectral index of −2.58± 0.25, softer than the corresponding best-fit index of −2.3± 0.3
obtained with three years of data. The new fit is compatible with the 3-year result within errors
(see Fig. 5); however, the lack of PeV-energy events in the fourth year of data in combination with
the comparatively high yield of events in that year has resulted in a much steeper spectral fit.
Fig. 6 shows a fit of the spectrum using a more general model, parameterizing the astrophysical
flux as a piecewise function of neutrino energy instead of an unbroken single power law. The new
dataset presented here is also used in a global fit of several IceCube analyses, presented in these
proceedings [7].
5. Spatial Clustering
A maximum-likelihood clustering method [3] was used to look for any neutrino point source
in the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right as-
cension. As before, the analysis was run twice, once with all events and once with only shower-like
events in the sample. We removed events #32 (two coincident muons from unrelated air showers)
and #28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering analyses.
This test (see Fig. 7) did not yield significant evidence of clustering with p-values of 44% and 58%
for the shower-only and the all-events tests, respectively.
We also performed a galactic plane clustering test using a fixed width of 2.5◦ around the plane
(p-value 7%) and using a variable-width scan (p-value 2.5%). All above p-values are corrected for
trials.
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(re-fit with priors on prompt)
IceCube Preliminary
Figure 5: Contour plot of the best-fit astrophysical spectral index γastro vs. best-fit normalization at
100TeV, Φastro. Shown are the fit of three years of data, re-fit with a prior on the charm component
in yellow (“HESE-3year”). The best-fit point is marked with a yellow star. The previous fit as shown
in [3] is marked with a black “×” (this fit used an unconstrained charm component). The fit of all four
years of data using the same method is shown in purple (“HESE-4year”) with a best-fit spectral index
of E−2.58±0.25, compatible with the 3-year result (although, note that the data used for the 3-year re-
sult is a subset of the 4-year result and thus the two are not independent.) The best-fit power law is
E2φ(E) = 2.2±0.7×10−8(E/100TeV)−0.58GeVcm−2s−1sr−1.
IceCube Preliminary
Figure 6: Astrophysical neutrino flux (combined neutrino and anti-neutrino) as a function of energy ex-
tracted from a combined likelihood fit of all background components and several pieces of E−2 components
in neutrino energy. Error bars indicate the 2∆L =±1 contours of the flux in each energy bin. An increase
in the charm atmospheric background to the level of the 90% CL limit from the northern hemisphere νµ
spectrum [4] would reduce the inferred astrophysical flux at low energies to the level shown for comparison
in light gray.
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Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ×. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.
6. Future Plans
Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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spectrum was obtained by applying regularized unfolding as implemented in the unfolding
software TRUEE. An additional component due to a diffuse flux of high energy astrophysical
neutrinos has been observed in addition to the flux of conventional atmospheric neutrinos.
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1. Introduction
IceCube is a neutrino observatory with an instrumented volume of one cubic kilometer [1]. The
detector consists of 5160 digital optical modules (DOMs). The DOMs are attached to 86 strings.
The strings are deployed at depths between 1450m and 2450m in glacial ice at the geographical
south pole. The purpose of the DOMs is to measure Cherenkov light emitted by charged particles
propagating through the detector. In this analysis muon neutrinos are searched for with through-
going muons produced in charged current neutrino interactions.
The unfolded spectra cover an Eν -range of more than four orders of magnitude from 250GeV
up to 3.2PeV. Up to TeV energies the muon neutrino spectrum is expected to be dominated by
atmospheric neutrinos produced in decays of pions and kaons in cosmic ray air showers. This
component is called conventional. At higher energies additional neutrinos from the decay of short-
lived charmed mesons start to contribute significantly to the spectrum. This component is called
prompt. Both are purely atmospheric. In 2013 IceCube was the first experiment to prove the
existence of a third component, the astrophysical component [2]. Those neutrinos are expected to
come from active galactic nuclei or gamma ray bursts, but the exact sources are not known yet.
2. Data sample and Analysis
The first year of data analyzed was taken in IceCube’s 79-string configuration (IC79) between
May 2010 and May 2011. The second year was the first year of IceCube’s 86-string configuration
(IC86) and data was taken between May 2011 and May 2012. To separate cosmic ray-induced
muons from neutrino-induced muons, the earth is used for shielding against atmospheric muons
in this analysis. Hence, the datasets only cover the northern hemisphere. For each year separate
processes using machine learning algorithms were applied to obtain highly pure neutrino datasets.
The core of the separation is a Random Forest [3]. To ensure a good performance for the Random
Forest, it is preceded by a maximum relevance minimum redundancy variable selection [4, 5]. The
approach is based on the process described in [6]. The separation leads to 66 885 muon neutrino
candidates with an estimated purity of (99.5± 0.3)% for the first year and 92 519 muon neutrino
candidates with an estimated purity of (99.6±0.2)% for the second year.
The neutrino energy cannot be measured directly. Thus, the spectrum has to be reconstructed
from measurable variables correlated to the neutrino energy. One possibility to solve this inverse
problem is unfolding. For this analysis both datasets were unfolded separately with a regularized
unfolding method implemented in the software TRUEE [7].
3. Energy Spectra for the Northern Hemisphere
The zenith range of the datasets spans from 86◦ (4◦ above the horizon) to 180◦ (north pole).
The unfolded spectra in comparison to theoretical predictions are depicted in Fig. 1. While the
spectrum of the year before IC79 (IC59) [6] showed no hints of an astrophysical component, both
the IC79 and the IC86 spectrum start to exceed an atmospheric only prediction around Eν ≈ 50TeV.
The excess of the IC79 spectrum is significantly higher and not compatible with an atmospheric
only prediction within its errors.
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Figure 1: The unfolded spectra for IC79 and IC86 are shown in gray and black. The unfolded spectrum
for the year before IC79 (IC59) is shown in brown [6]. For comparison, theoretical predictions for the
conventional component QGSJET-II [8] (green) as a lower bound and SYBILL-2.1 [8] (yellow) as a upper
bound are shown. Most of the common predictions, like those .Honda et al. [9], are in between those bounds.
For the prompt component the prediction by Enberg et al. [10], with the bounds also given in the paper, is
shown. In addition the sum of the conventional and the prompt flux is shown for both conventional models.
All theoretical predictions are calculated for the primary spectrum by Gaisser [11].
Because the methods and the energy binning for the IC79 and IC86 spectrum are the same, it is
reasonable to calculate the weighted average for both spectra to obtain a combined IC79 and IC86
spectrum. This averaged spectrum in comparison to recent IceCube measurements and theoretical
prediction for the atmospheric flux is depicted in Fig. 2. The comparison shows that the observed
excess is compatible with the recent measurements of the astrophysical component.
4. Zenith Dependent Unfolding
The unfolded spectrum is a measurement of the sum of the conventional, prompt and as-
trophysical component. It is not possible to disentangle the astrophysical from the atmospheric
component without knowing the shape and the normalization of the conventional and prompt flux.
Pions and kaons producing conventional muon neutrinos have a shorter interaction than decay
length. Therefore, they interact in the atmosphere resulting in a loss of energy and steepening of the
muon neutrino energy spectrum. The length of the path through the atmosphere and therefore the
amount of energy lost before the decay depends on the zenith angle. The prompt muon neutrinos
on the other hand originate from decays of short-lived mesons decaying directly after production.
Therefore, the prompt neutrino flux has no additional zenith dependency. All components have a
common zenith dependence due to the increase of the neutrino cross sections for high energies.
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Figure 2: The combined IC79 and IC86 spectrum is shown in red. The spectra were combined with a
weighted average. The theoretical predictions for the atmospheric flux are shown as in Fig. 1. The best
fit from an IceCube analysis of high-energy neutrinos that interacted inside the detector volume during the
same two data taking years [12] is shown in black. The best fit contains 0.97+0.10−0.03 times the conventional
prediction by Honda et al. [9] and 0.00+1.57−0.00 times the prompt prediction by Enberg et al. [10]. Both fluxes are
calculated for the primary spectrum by Gaisser [11]. The additional astrophysical component is described
with an unbroken power law (2.06+0.35−0.26) ·10−18 · (E/100TeV)−2.46±0.12 GeV−1s−1sr−1cm−2.
This results in an increasing opaqueness of the earth core and a survival probability < 1% for
neutrinos at Eν ≈ 1PeV when propagating through the earth core [13].
For the IC86 dataset the statistics are large enough to unfold the dataset in three different
zenith bands. The resulting spectra are shown in Fig. 3. Despite IC86 being the largest neutrino
dataset unfolded so far, the decreasing statistics in each band especially at the high energies is a big
challenge for the zenith dependent unfolding.
The upper energy reach is limited at E ≈ 125TeV for the band looking through the earth
and Eν ≈ 250TeV for the other two bands. The unfolded spectra are compatible with theoretical
predictions within their errors. For more insight in the composition more zenith bands with smaller
errors are needed.
5. Conclusion
The unfolding of the muon neutrino energy spectrum for IC79 and IC86 extend the upper en-
ergy limit by a factor of ∼ 2.5 to 3.2PeV in comparison to previous measurements by IceCube
with data from the 59-string configuration [6]. The resulting spectra measure an excess over the
atmospheric prediction at the highest energies, showing the transition from a spectrum dominated
by the conventional flux to a harder spectrum. The measured excess is compatible with recent
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Figure 3: Unfolded energy spectra for different zenith bands for IC86 data. The shown theoretical curves
are the sum of conventional flux by Honda et al. [9] and prompt flux by Enberg et al. [10] calculated with
the primary spectrum by Gaisser [11].
measurements of the astrophysical neutrino flux in IceCube [12, 14]. Although the unfolding can-
not quantify a significance for the existence of an astrophysical component, these measurements
strengthen the evidence for an additional, non-atmospheric flux from the northern hemisphere.
The unfolding measures the sum of the atmospheric and the astrophysical flux. To disentangle
the astrophysical component, the shape and normalization of the conventional and the prompt flux
has to be known precisely. To get deeper insight in the atmospheric flux composition, an unfolding
in three zenith bands was performed. The resulting spectra are compatible with the atmospheric
prediction by Honda et al. [9] and Enberg et al. [10]. For a better determination of the atmospheric
components an unfolding in more zenith bands is needed.
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We have performed a new measurement of the all-sky diffuse flux of high energy, E > 10TeV,
extraterrestrial neutrinos by studying neutrino-induced particle showers (cascades) with Ice-
Cube data collected during 641 days in 2010–2012. Cascades arise predominantly in elec-
tron and tau neutrino interactions and have good energy resolution, and thus are well-suited
for the spectral characterization of the extraterrestrial flux. We have improved upon previ-
ous analyses by including high-energy cascades with vertices outside, but close to the detec-
tor, thereby enlarging the event sample by up to a factor of two for E > 100TeV. A total of
172 cascades with energies ranging from 10TeV to 1PeV have been observed, of which ap-
proximately 60% (75% above 100TeV) have not previously been reported by IceCube. The
dominant extra-terrestrial component is well described by a smooth and featureless power-law.
The preliminary fit result is a soft spectral index of γ = 2.67+0.12−0.13 and a per-flavor normaliza-
tion at 100 TeV of φ =
(
2.3+0.7−0.6
) · 10−18 GeV−1s−1sr−1cm−2 in agreement with previous Ice-
Cube results. The background-only hypothesis is rejected with a significance of 4.7σ . Fi-
nally, we have divided the cascade data according to the neutrino arrival direction into two
samples corresponding to the Northern and Southern celestial hemispheres. No spectral dif-
ference was found (γnorth = 2.69+0.34−0.34, φnorth = 1.7
+1.3
−1.2 GeV
−1s−1sr−1cm−2, γsouth = 2.68+0.20−0.22,
φsouth = 1.9+0.8−0.6 GeV
−1s−1sr−1cm−2), so that the extraterrestrial neutrino fluxes originating from
the Northern and Southern hemispheres are consistent.
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Introduction IceCube is a cubic-kilometer neutrino detector installed in the glacial ice at
the geographic South Pole [1] between depths of 1450m and 2450m. IceCube observes neutrinos
based on optical measurements of Cherenkov radiation emitted by secondary particles produced
in neutrino interactions in the surrounding ice or the nearby bedrock. Those interaction are domi-
nated by deep-inelastic scattering (DIS) of neutrinos off nucleons in the ice. Events are classified
according to the topology of their light deposition with tracks and cascades being the main sig-
natures. Tracks arise primarily from through-going muons while cascades may be produced by
charged-current interactions of νe and ντ and by neutral current interactions of any flavor. They
are characterized by their point-like light emission. Various hybrid signatures exist, e.g. νµ CC
events that start inside the detector appear as cascade with an outgoing track. At highest energies
(Eν > 1PeV) multiple ντ -topologies are possible with the “double-bang” being the most promi-
nent [2]. At trigger level the vast majority of events in IceCube are muons that have been produced
in cosmic ray induced air showers. Their rate in IceCube exceeds that of neutrinos by orders of
magnitude (∼ 106). Atmospheric neutrinos are produced in the same air showers and form the sec-
ond largest contribution. At energies relevant to this work, conventional atmospheric neutrinos are
dominated by νµ (νµ : νe∼ 30 at Eν ∼ 10TeV) that stem primarily from the decay of charged kaons
(K±) and charged pions (pi±). Conventional νe instead come equally from the decay of charged and
neutral kaons (K±,0). Those light mesons experience energy loss before they decay and thus the
conventional neutrino spectrum follows ∼ E−3.7. ‘Prompt’ atmospheric neutrinos are associated
with the decay of heavier mesons involving charm quarks and thus produce an equal admixture
of νµ and νe. Due to the very small lifetime of those mesons the corresponding prompt spectrum
mimics that of primary cosmic rays, i.e. ∼ E−2.7. The cascade channel benefits from the small
conventional atmospheric background levels compared to the track channel. In addition fully con-
tained cascades with vertices well within the instrumented volume have superior (deposited) energy
resolution of ∼ 15% at relevant energies since for such events the detector acts as a calorimeter.
Partially contained cascades that start beyond the detector boundary can be reconstructed with an
average energy resolution of ∼ 30%.
IceCube recently reported the discovery of an all-sky diffuse flux of high energy neutrinos (Eν >
60TeV) [3] from yet unresolved sources with an intensity almost at the level of the Waxman-
Bahcall bound [4]. It was found to be well described by a single power-law with spectral in-
dex γ = 2.3± 0.3 [3]. Subsequently an extension of this analysis to lower energies concluded
γ = 2.46± 0.12 (Eν > 1TeV) [5]. Astrophysical neutrino production is generally assumed to be
associated with the acceleration of cosmic rays at their sources. Detailed predictions of the neu-
trino flux characteristics are source specific [6] and at present those neutrino sources still escape
experimental detection. Based on diffusive shock acceleration and neutrino oscillations over as-
trophysical relevant distances one expects the astrophysical neutrino flux to exhibit a power-law
spectrum [7] with an approximately equal flavor admixture at earth (νe : νµ : ντ ≈ 1 : 1 : 1) [8].
This expectation, especially the flavor ratio, is modified when more complex source environments
are considered [9]. Furthermore the flux is expected to be isotropic if many individually weak
sources contribute to the flux. The current IceCube measurements focusing on “starting events”
(tracks and cascades) of all neutrino flavors and interactions are consistent with these expectations
[3, 5, 10]. The astrophysical flux has also been observed using νµ -tracks from the northern celes-
tial hemisphere. A spectral index of 2.2± 0.2 [11] was found to be in agreement with the earlier
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Figure 1: Cross-sectional visualization of the detector in the x,y-plane (left); 2-year effective area
of this event selection for combined fully and partially contained cascades (right).
“starting event” results [3, 5, 10].
In this paper we present the first results on the astrophysical neutrino induced cascades flux charac-
teristics using 641 days of IceCube data taken from May 2010 to May 2012. The analysis is based
on the event topology selection criteria of ref. [12] to select high energy cascades (≥ 10TeV).
We achieved an improved sensitivity to cascades compared to earlier analyses by including cas-
cades which are partially contained in the detector volume (in addition to cascades which are fully
contained), thus significantly enhancing this cascade sample in the background free region above
100TeV (see Fig. 1). The final event selection, optimized for maximum signal significance, re-
tained 172 (contained: 152, partially contained: 20) cascades with energies greater than 10TeV.
From Monte Carlo simulations we estimated a neutrino purity of 90% (atmospheric and astro-
physical ν). The neutrino effective area is shown in Fig. 1 (right). Fig. 2 shows the distribution
of the “DelayTime” variable used in the event selection at a level where the data is dominated
by atmospheric muon background. It measures the time difference between the time of the first
observed photon in the event and the earliest possible time for that photon to stem from the re-
constructed cascade (causality). The data is well described by the Monte Carlo simulations. The
CORSIKA [13] software package was used to generate cosmic ray background according to the
composition model of ref. [14]. For the simulation of neutrino propagation and interaction the
neutrino-generator package is used. The atmospheric neutrino flux has been calculated according
to the HKKMS06 [15] (conventional ν) and ERS [16] (prompt ν) models, modified and extrap-
olated according to the expected dampening of the neutrino flux due to the presence of the knee
in the cosmic ray energy spectrum [17]. For contained cascades originating in the IceCube instru-
mented volume (see Fig. 1 (left)) we further take into account the “self-veto” effect of refs. [18].
The baseline model for astrophysical neutrinos is a single power-law with normalization parameter
φ at Eν = 100TeV and γ being the spectral index parameter: Φν = φ × (Eν/100TeV)−γ . The
measurement of the astrophysical neutrino spectrum is performed by matching the reconstructed
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Figure 2: Distribution of the “DelayTime” for a µ-background dominated event selection. Left:
contained sample; Right: partially contained sample. Signal region shown in green. Neutrino
expectations according to fit result to the final event sample.
deposited energy distribution to the simulation prediction using frequentist methods based on max-
imum likelihood.
Analysis Method In order to make an inference about the astrophysical flux from the
astrophysical component in this cascade sample we employ the method of maximum likelihood,
similar to previous IceCube analyses [17, 3, 5, 10]. We separate the contained cascade events ac-
cording to their reconstructed zenith angleΘreco into two groups: ‘Northern sky (cosΘreco < 0) and
‘Southern sky’ (cosΘreco >= 0). We then consider the all-sky partially contained cascade sample
as the third group. For each group we obtain a frequency distribution of the reconstructed deposited
energy by binning its values into N bins. This allows us to construct the following standard poisson
profile likelihood function for a joint fit of the three groups
L(θ r |n) = argmax
θ s
L(θ r ,θ s|n) = argmax
θ s
3
∏
i=1
N
∏
j=1
µi j (θ r ,θ s)ni j
ni j!
e−µi j(θ r ,θ s) (1)
where ni j is the observed number of events in the i j-th bin, while θ r , θ s are vectors of physics
parameters and nuisance parameters to include systematic uncertainties, respectively. The
expected number of events in the i j-th bin, µi j (θ r ,θ s) = µ
atm.µ
i j +µ
atm.ν
i j +µastro.νi j , is a
superposition of the different models described in the previous section. The maximum likelihood
estimate θˆ r is obtained numerically by minimizing −2 logL(θ r |n) with respect to θ r. We
construct approximate confidence intervals and regions with asymptotic coverage using Wilk’s
theorem [19]. Here we consider φ and γ as physics parameters and the flux normalizations of the
neutrino backgrounds φconv, φprompt as well as an energy related scaling parameter ε as nuisance
parameters. Those nuisance parameters θ s contribute additional additive penalty terms
log(Lsys) = ∑s (θs−θs,0)2 /σ2θs to the likelihood function that reflect the associated systematic
uncertainties σθs . The fit is performed in the energy range from log10E/GeV = 4.1 to
log10E/GeV = 6.9. There are two main sources of detector related systematic uncertainties. The
in-situ sensitivity of the IceCube Digital Optical Module (DOM), dominated by the absolute
efficiency of its PMT, has a relative uncertainty of 10% [21]. Additionally, in order to model the
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Detector Syst. Value εˆ
DOM −10% 1.11
DOM +10% 0.91
Scatt. +10% 1.11
Abs. +10% 1.11
Scatt./Abs. −7% 0.96
Combined εtot 1.00±0.15
Par Prior Result
γ - 2.67+0.12−0.13
φ - 2.3+0.7−0.6 c.u.
φconv 1.0±0.3 0.85+0.28−0.29 ·ΦHKKMS06
φprompt 1+3−1 0.5
+2.2
−0.5 ·ΦERS
ε 1.00±0.15 0.96+0.14−0.15
with 1c.u. ≡ 10−18 GeV−1s−1 sr−1cm−2
Table 1: Summary of systematics evaluation (left); summary of fit results (right).
photon propagation in the glacial ice at the South Pole we rely on a measurement of scattering and
absorption using IceCube’s LED calibration system. The associated uncertainty is 10% [22]. The
influence of those effects on this analysis has been studied using dedicated simulations with
different DOM efficiencies (−10%, +10%) and variations of the scattering and absorption of the
ice (∆αscatt : +10%, ∆αabs : +10%, both :−7%). In order to account for those uncertainties in the
likelihood method, a nuisance parameter ε that effectively translates the model predictions to
lower (ε < 1) or higher (ε > 1) reconstructed energies was added. The result of a dedicated
simulation study is summarized in Table 1 (left). We find that the DOM efficiency uncertainty and
the ice model uncertainty each translate into a 10% uncertainty on ε . By adding them in
quadrature we conclude that detector related systematics are well accounted for by including
ε = 1.00±0.15 into the likelihood function. The average uncertainty of the expected conventional
atmospheric neutrino flux at energies relevant for this work is 30% [20]. Uncertainties of the
prompt atmospheric neutrino flux are model dependent and no experimental evidence for this flux
exists. An upper limit of φprompt < 2.4 (< 3.8) at 68% C.L. (90% C.L.) has been obtained in ref.
[17] based on the ERS model. Accordingly, we assume a systematic uncertainty of 300% on the
normalization of the prompt ERS model.
Results The observed reconstructed energy distributions of all events that pass the
cascade selection criteria of this work are shown in Fig. 3 and compared to the expectation
according to the best-fit single, unbroken power-law: φ =
(
2.3+0.7−0.6
) ·10−18 GeV−1s−1sr−1cm−2
and γ = 2.67+0.12−0.13. A good description of the data is achieved as evidenced by the corresponding
goodness-of-fit (g.o.f) p-value of 0.32. This is based on the g.o.f test-statistic described in ref. [23]
for which we obtained the sampling distribution from parametric bootstrap (“toy experiments”)
assuming the best-fit. The approximate 68% confidence region (red) for the astrophysical
parameters is shown in Fig. 4 (right). We find this cascade sample to be dominated by
astrophysical neutrinos (∼ 65%) over the entire energy range. The best-fit values for the
remaining parameters are shown in Table 1 (right). When the “background-only” hypothesis
(φ = 0) is assumed, an unrealistically large prompt atmospheric neutrino component characterized
by φprompt = 7 ·ΦERS is required to describe the data. This however is strongly disfavored w.r.t the
best-fit by 4.7σ based on the sampling distribution of the likelihood ratio test-statistic
−2 · log(Lb/Ls+b) that has obtained assuming the background-only result. The rejection is based
on the relative suppression of the prompt flux from the Southern hemisphere compared to the flux
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Figure 3: Energy distributions at final selection level: fully contained cascades, Northern sky (top
left), Southern sky (top right), all-sky partially contained cascades (bottom left), hatched regions
show 1σ uncertainty on sum of m.c.; zenith distribution for fully contained cascades (bottom right)
from the North due to the atmospheric self-veto effect that breaks the spectral degeneracy between
the prompt neutrino flux with the soft astrophysical flux we observed. This measurement also
disfavors a hard spectral index of γ =−2. In this case we find a small astrophysical contribution
φ = 6 ·10−19 GeV−1s−1sr−1cm−2 that requires a rather large prompt component of
φprompt = 5 ·ΦERS. Such a combination is rejected at 3.5σ based on the sampling distribution of
the corresponding likelihood ratio test-statistic under this ‘E−2-hypothesis’. The isotropy
assumption about the astrophysical flux could be challenged by looking for spectral differences
between the fluxes measured from the Northern and Southern skies. Due to their better angular
resolution compared to partially contained cascades, we constrain this investigation to contained
cascades only. Here we perform the same maximum likelihood estimation for the samples from
the Northern and Southern skies separately. For upward oriented showers we find the same
parameters as for downward oriented showers γnorth = 2.69+0.34−0.34, γsouth = 2.68
+0.20
−0.22 and
φnorth = 1.7+1.3−1.2 GeV
−1s−1sr−1cm−2, φsouth = 1.9+0.8−0.6 GeV
−1s−1sr−1cm−2 within large
uncertainties due to the spectral degeneracy with the prompt normalization. This consistency
remains when all nuisance parameters are kept fixed at the values obtained by the joint fit. For
fixed nuisance parameters we find insignificantly higher astrophysical normalizations in very good
agreement with the joint result. Any deviation of the data from the single power-law model may
provide valuable insight into the nature of the observed astrophysical flux. Although we found no
evidence for inconsistency between data and model, we did perform an alternative fit based on a
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Figure 4: Left: best-fit astrophysical-ν flux (dashed line, red) and 1σ band (red) compared to
the “differential model” fit; Right: Comparison of recent ν-flux measurements in IceCube: this
analysis (red), ref. [5] (green), ref. [3] (purple), ref. [10] (blue) and ref. [11] (yellow).
“differential model” to measure the energy dependence of the observed flux. Similar to ref. [3] we
extract the flux normalization in bins of neutrino energy Eν . Within each bin a E−2-distribution is
assumed. The corresponding expected distributions of the deposited energy serve as a basis to
describe the data as linear combination on top of the expected background from atmospheric
neutrinos and muons. The result (black) is shown in Fig. 4 (left) and compares very well to the
power law model fit (red). The amount of overlap between this cascade-based event selection with
the samples from the starting event analyses [3, 5, 10] was found to be smaller than ∼ 25%. There
is no overlap with the Northern sky νµ -sample [11]. The measurement of the astrophysical flux
parameters presented here can thus be regarded as approximately independent and is found to
agree well with previous IceCube measurements (refs. [3, 5, 10]) as shown in Fig. 4. This was
quantified to be better than 1σ by applying Wald’s method [24] in a bivariate normal
approximation using the observed information matrices as estimates of the respective covariance
matrices. This result seems to be in insignificant (< 2σ ) tension with the νµ measurement [11]
(Northern sky). Future data will help clarify the situation. We would like to point out that
uni-variate comparisons of multi-variate measurements (e.g. “looking at γ only”) can lead to
erroneous inference about consistency, as no statement about the other parameters is made.
Summary We have performed the first high energy (E > 10TeV) cascade-only
measurement of the diffuse astrophysical neutrino flux recently discovered by IceCube using 641
days of IceCube data (2010-2012). For the first time we extend topological cascade selection
criteria to also include partially contained cascades with vertices in near proximity to the detector.
This analysis found 172 cascade events of which approximately 60% (75% above 100TeV) have
not previously been reported by IceCube. The measured astrophysical component is well
described by a smooth and featureless power-law. The preliminary fit result is a soft spectral index
of γ = 2.67+0.12−0.13 and a per-flavor normalization of φ =
(
2.3+0.7−0.6
) ·10−18 GeV−1s−1sr−1cm−2 at
E = 100TeV in agreement with the previous IceCube measurements. This sample can not be
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explained by atmospheric backgrounds, which would require a prompt neutrino contribution 7
times larger than expected and is rejected with a significance of 4.7σ . Similarly this sample
disfavors a harder spectrum with γ =−2 at 3.5σ . We further measure the same astrophysical
fluxes from the Northern (γnorth = 2.69+0.34−0.34) and Southern skies (γsouth = 2.68
+0.20
−0.22). This is
consistent with the isotropic expectation for extra-galactic sources.
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